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The Higgs boson self-coupling 
and what we can learn from it
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Were there bubbles in the early universe?

Can we disappear instantly?

Why haven’t we discovered the Higgs self-coupling yet?

Are the current limits we have on the Higgs self-coupling useful?

What does the Higgs self-coupling have to do with gravitational waves?
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1. Short theory introduction 

2. Beginning of the universe 

• Electroweak (EW) phase transition (PT) 

• Primordial Gravitational Waves (PGWs) 

3. Current knowledge 

• Introduction and strategy of the  analysis 

• Current limits 

• Future limitations and showstoppers 

4. Fate of the universe 

• Stability of the universe

HH → bbγγ

3



C
éd

rin
e 

H
üg

li 
(D

ES
Y

), 
A

st
ro

pa
rti

cl
e 

an
d 

Pa
rti

cl
e 

Ph
ys

ic
s W

or
ks

ho
pHiggs potential and Higgs pairs

The Standard Model (SM) Higgs potential is given by 

 

After electroweak symmetry breaking, we have:   

When inserting this into the Higgs Lagrangian with the potential , we get 

V(ϕ) = − μϕ2 + λϕ4

ϕ = ( 0
ν + h)

V(ϕ)

ℒHiggs(h) =
1
2

m2
hh2 + λvh3 +

1
4

λh4

4

A short introduction

h

h
h

h

h

h

hλ λ

κλ =
λobs.

λSM
SM: κλ = 1SM: λ =

m2
h

2v2
≈ 0.13λ
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5This form is valid only near the minimum (small h fluctuations)
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A short introduction

h

h
hκλ =

λobs.

λSM
SM: κλ = 1SM: λ =

m2
h

2v2
≈ 0.13λ
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The Standard Model (SM) Higgs potential is given by 

 

After electroweak symmetry breaking, we have   

When inserting this into , we get the Higgs Lagrangian 
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The Standard Model (SM) Higgs potential is given by 

 

After electroweak symmetry breaking, we have   

When inserting this into , we get the Higgs Lagrangian 

V(ϕ) = − μϕ2 + λϕ4

ϕ = ( 0
ν + h)

V(ϕ)

ℒHiggs(h) =
1
2

m2
hh2 + λvh3 +
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λh4
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A short introduction
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SM: λ =
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2v2
≈ 0.13λ
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The Standard Model (SM) Higgs potential is given by 

 

After electroweak symmetry breaking, we have   
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κλ =
λobs.

λSM

A short introduction Plot for illustration purpose
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Beginning of the universe
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How did the Electroweak symmetry break?

12

B) A higher order phase transition

A) A first order phase transition BUBBLES!electroweak phase transition = when the Higgs field is “turned on”

Beginning of the universe
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How did the Electroweak symmetry break?

13

B) A higher order phase transition

A) A first order phase transition BUBBLES!electroweak phase transition = when the Higgs field is “turned on”

Beginning of the universe

Would fulfil one of the requirements (out-

of equilibrium) to have the current 

matter-antimatter asymmetry
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The potential barrier depends on the 
Higgs self-coupling 

A strong deviation from the SM value 
would be a hint of a strong first-order 

EWPT 

The SM does not predict a first order 
phase transition 

First order is only allowed in BSM 
models

14G. Weiglein, Higgs Pairs 2025

potential barrier

Beginning of the universe

SM = Standard Model, BSM = Beyond Standard Model

https://indico.cern.ch/event/1399335/contributions/6390512/attachments/3067773/5426894/Hpairs_models_25.pdf
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source

What about gravitational waves?

https://magazine.krieger.jhu.edu/2023/05/riding-the-gravitational-waves/
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Two types of gravitation waves (GWs): 
1. Astrophysical GWs: from black holes/neutron star merging, what we can detect now 
2. Primordial (cosmological) GWs (PGWs): from the early universe (produced during 

inflation, cosmic strings, or first-order phase transitions)

16

Beginning of the universe

A possible origin of PGWs: 

• If the phase transition is first order  bubbles  bubbles 
collisions  shake spacetime  producing gravitational waves 

Properties of PGWs: 
• should present as a stochastic gravitational wave background, a 

random “hum” present everywhere

→ →
→ →
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Beginning of the universe

A possible origin of PGWs: 

• If the phase transition is first order  bubbles  bubbles 
collisions  shake spacetime  producing gravitational waves 

Properties of PGWs: 
• should present as a stochastic gravitational wave background, a 

random “hum” present everywhere

→ →
→ →
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Beginning of the universe

A possible origin of PGWs: 

• If the phase transition is first order  bubbles  bubbles 
collisions  shake spacetime  producing gravitational waves 

Properties of PGWs: 
• should present as a stochastic gravitational wave background, a 

random “hum” present everywhere
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Shape of the potential

Gravitational Waves and the Higgs boson

19

Gravitational Waves Higgs boson

Beginning of the universe

EW phase transition
PGWs

The connection origins from the EW phase transition with is connected to both the Higgs bosons 
self-coupling and to the primordial gravitational wave production
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Current knowledge
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Leading order Feynman diagrams for the dominant gluon–gluon fusion production

These two diagrams interfere destructively!

Consequences: 
• Low amount of events: very rare process 
• Amount of events depends on κλ

Current knowledge arXiv:1910.00012

https://cds.cern.ch/record/2692014/files/1910.00012.pdf
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Final state particles observed in the ATLAS 
detector: photons and -jets 

 photon reconstruction and calibration 

 -jet reconstruction and calibration

b

⇒

⇒ b

22

Current knowledge

Run:	456118

Event:	301264610

2023-07-08	06:59:42	CEST

γ

γ

jet

jet

beampipe
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We can access low di-Higgs masses 
thanks to the photons (that have low 
thresholds in the trigger) 

This region is more dependent on  

 better sensitivity to  despite the 
lower statistics

κλ

⇒ κλ

23

Why are we doing this analysis?

Current knowledge
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Prepare the objects (photons and b-jets) 

Object and event selection

Kinematic fit to improve  resolutionmbb

Current knowledge

Di-photon trigger

(  GeV)ET > 35(25)

105 GeV < mγγ < 160 GeV

No e or  in the eventμ

At least 2 photons

(Leading (subleading)  

)
γ

pT/mγγ > 0.35(0.25)

 jets

( )

< 6
pT > 25, |η | < 2.5

At least 2 b-tagged jets

(GN2 tagger, WP85)
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Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make a simultaneous fit to  

 
Get the upper limit on the signal strength and the 

constraints on 

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
25

HM

LM

Current knowledge

Targets SM 
HH κλ
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Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make a simultaneous fit to  

 
Get the upper limit on the signal strength and the 

constraints on 

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
26

High Mass region

Current knowledge
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Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make a simultaneous fit to  

 
Get the upper limit on the signal strength and the 

constraints on 

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
27

Current knowledge

Targets SM 
HH κλ



C
éd

rin
e 

H
üg

li 
(D

ES
Y

), 
A

st
ro

pa
rti

cl
e 

an
d 

Pa
rti

cl
e 

Ph
ys

ic
s W

or
ks

ho
pSimplified Analysis Strategy

Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make simultaneous fits to  

 
Get the upper limit on the signal strength and the 

constraints on 

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
28

Run 2 HM1

Current knowledge

μ =
σobs.

σSM
κλ =

λobs.

λSM

fit
 A

fit B
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Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make a simultaneous fit to  

 
Get the upper limit on the signal strength from fit 

A and the constraints on  from fit B

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
29

Current knowledge

fit A:
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Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make a simultaneous fit to  

 
Get the upper limit on the signal strength from fit 

A and the constraints on  from fit B

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
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Current knowledge

fit A:

fit B:
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Prepare the objects (photons and b-jets) 
 

Split into high mass region and low mass region 
 

Train Boosted Decision Trees (BDTs) to 
distinguish signal from backgrounds 

 
Make categories based on the BDTs outputs 

 
Make a simultaneous fit to  

 
Get the upper limit on the signal strength and the 

constraints on 

⇓

⇓

⇓

⇓
mγγ

⇓

κλ
31

We cannot excluded “no Higgs self-coupling” (
) yet

κλ = 0

Current knowledge
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 at 95% C.L.−1.2 < κλ < 7.2

32

Current knowledge

 at 95% C.L.−1.4 < κλ < 7.0

Upper bound on  of currently about 7  (SM value)λ ×

 at 95% C.L.−1.6 < κλ < 6.6New  analysis:bbγγ

ATLAS Run 2 CMS Run 2

Combined Run 2:
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pTranslated to the potential shape

33
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 the current limits are already interesting for theory 
  can be modified up to ~  from BSM

⇒
⇒ κλ 7 × SM

34Higgs Pairs 2025

higher-order contributions 
to λ, mostly from top loop: 

~ 0.07 SM ×

mass splitting between BSM 
Higgs states yields large 

enhancement of λ: 
~ several × SM

BSM effects parameterized 
as higher-dimensional 

operators, large 
enhancement of λ possible: 

~ several × SM

SM = Standard Model 
BSM = Beyond Standard Model

Effective field theoriesBSM models 
(UV-complete)Standard model

Current knowledge

https://indico.cern.ch/event/1399335/contributions/6390512/attachments/3067773/5426894/Hpairs_models_25.pdf
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35

bb  systematic uncertaintiesγγ

preliminary

largest systematic uncertainty

Current knowledge

Current limitation: STATISTICS
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• top mass scheme 

• renormalization and factorization scales 

• parton distribution functions (PDFs) 

• strong coupling ( )αS
36

J. Davies, Higgs Pairs 2025

worsens scale

The theoretical uncertainties on the di-Higgs cross-section are directly related 
to the uncertainty on κλ

Current knowledge

https://indico.cern.ch/event/1399335/contributions/6387357/attachments/3064833/5420991/davies.pdf
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37

Current knowledge HL-LHC = High Luminosity LHC

Arrows indicate where four BSM scenarios 
predict a strong first-order phase transition 

This means that at HL-LHC with 3 ab  
the 95% CL red band excludes as good as 
all possible strong-FOPT scenarios across 

the four alternative hypotheses:  

in specific models we can either find 
hints of a First Order Phase Transition 

or exclude one!

−1

paper

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/index.html
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Fate of the universe

38
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How could a Higgs potential look like?

Plot for illustration purposeFate of the universe
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40

Plot for illustration purpose

Before electroweak symmetry breaking

Fate of the universe
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41

Plot for illustration purpose

After electroweak symmetry breaking
Simplest assumed Higgs potential

Fate of the universe
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Plot for illustration purpose

After electroweak symmetry breaking

Can tunnel at any point in 
time to the secondary 

minimum

Simplest assumed Higgs potential

Fate of the universe
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Plot for illustration purpose

After electroweak symmetry breaking

Cannot exist since we exist

Can tunnel at any point in 
time to the secondary 

minimum

Simplest assumed Higgs potential

Fate of the universe
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Stability of the universe  Higgs and top masses ↔

44

Fate of the universe arXiv:1307.3536

https://arxiv.org/pdf/1307.3536
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Stability of the universe  Higgs and top masses  Top Yukawa coupling and Higgs coupling↔ ↔
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Fate of the universe

Small variations of any of these 
three parameters with respect to 

their measured values could have 
devastating consequences for our 

life-friendly universe.

V = const. + m2
H |H |2 + λ |H |4

current limits

arXiv:1307.3536

https://arxiv.org/pdf/1307.3536
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• Electroweak symmetry breaking: what phase transition? We don’t know yet 

• The current limits are already useful to exclude some Beyond the Standard Model models 

• The limiting factor to the Higgs boson self coupling discovery is the statistics that should be achieved 
at HL-LHC, at that point the limiting factor will be the theory prediction precision 

• Current knowledge tells us we could in theory disappear instantly due to the universe being metastable

46

Universal stability

global shape of the 
Higgs potential

Electroweak symmetry 
breaking in the early 

universe

Higgs self-coupling
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Thank you for listening! 
Questions?
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pBackup content

• Top mass scheme 
• Gravitational Waves 
• An introduction to EFT 
• Heavy top limit 
• Theoretical uncertainties: PDF issues 
• Plot: LO interference 
• Plot: Stability - mass 
• Plank scale 
• Plot: Stability - coupling 
• Kinematic fit detailes

49
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pTop mass scheme

1. The Problem: What is the Top Quark Mass? 

• Top quark mass is a fundamental parameter in the Standard Model. 

• Different ways to define “mass” lead to slightly different numerical values. 

• The uncertainty isn’t just experimental — it’s theoretical, depending on the scheme used. 
2. Mass Schemes 

50
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pTop mass scheme and κλ

51Bagnaschi et al., Eur. Phys. J. C 83, 1054 (2023)

https://link.springer.com/article/10.1140/epjc/s10052-023-12238-8
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pTop mass scheme and  distributionmHH
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Bagnaschi et al., Eur. Phys. J. C 83, 1054 (2023)

https://link.springer.com/article/10.1140/epjc/s10052-023-12238-8
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Bagnaschi et al., Eur. Phys. J. C 83, 1054 (2023)

https://link.springer.com/article/10.1140/epjc/s10052-023-12238-8
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source

• are ripples in spacetime 
• produced by violent cosmic events (e.g. 

black hole merges) 
• can be detected with experiments like 

LIGO and Virgo

source

Beginning of the universe

https://magazine.krieger.jhu.edu/2023/05/riding-the-gravitational-waves/
https://www.ligo.caltech.edu/news/ligo20170927


C
éd

rin
e 

H
üg

li 
(D

ES
Y

), 
A

st
ro

pa
rti

cl
e 

an
d 

Pa
rti

cl
e 

Ph
ys

ic
s W

or
ks

ho
pGravitational Waves (GWs)

55

source

What do gravitational waves have 
to do with the Higgs bosons?

• are ripples in spacetime 
• produced by violent cosmic events (e.g. 

black hole merges) 
• can be detected with experiments like 

LIGO and Virgo

source

Beginning of the universe

source

https://magazine.krieger.jhu.edu/2023/05/riding-the-gravitational-waves/
https://www.ligo.caltech.edu/news/ligo20170927
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56

Current knowledge

new physics

mass spectrum

N
um

be
r o
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ve
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SM + new physics
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Current knowledge

new physics

mass spectrum

N
um

be
r o

f e
ve

nt
s SM

mass spectrum

N
um
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nt
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new physics

SM

SM + new physics
SM + new physics
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Current knowledge

new physics

mass spectrum

N
um

be
r o

f e
ve

nt
s SM

LHC reach

mass spectrum

N
um

be
r o

f e
ve

nt
s

new physics

SM

LHC reach

SM + new physics
SM + new physics
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Extend the Standard Model (SM) Lagrangian with higher orders: 

 

with 

ℒSMEFT = ℒSM +
1
Λ

ℒ5 +
1

Λ2
ℒ6 + . . .

ℒi = ∑
j

CjOi
j

59

Current knowledge

Scale of new physics
In many BSM models,  is 
interpreted as the mass of 

the new particle

Λ

ΛΛ
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pEffective field theory (EFT) - SMEFT lagrangian

Extend the Standard Model (SM) Lagrangian with higher orders: 

 

with 

ℒSMEFT = ℒSM +
1
Λ

ℒ5 +
1

Λ2
ℒ6 + . . .

ℒi = ∑
j

CjOi
j

60

Current knowledge

Operators

Wilson coefficients

CjOi
j

Scale of new physics
In many BSM models,  is 
interpreted as the mass of 

the new particle

Λ

ΛΛ
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Current knowledge

The Wilson coefficients are our free parameters in the EFT theories 
They can be imaginged as follows

Standard Model is refound with the Wilson coefficients at zero. 
So any significant deviation from zero is interesting.
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paperCurrent knowledge

Wilson coefficients - constraints

Observed 95% C.L. limits: 
 −0.38 < cgghh < 0.49

−0.19 < ctthh < 0.70

These represent the most stringent constraints to 
date on  and  

The results are compatible with the SM 
predictions 

No new physics found yet

cgghh ctthh

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
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This is the approximation made to compute it more simply

63
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pTheroretical uncertainties - example: PDF issues

64Gavin Salam

At NNLO: 1-2% difference between PDF4LHC 

At N3LO: up to ~ 6% 

Problematic for a measurement aiming to 
~1% precision

Current knowledge

https://indico.cern.ch/event/1585551/contributions/6681700/attachments/3137090/5566674/HiggsHunting-adapted-ATLAS-Warwick.pdf
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pLO diagram interference

65

arXiv:1910.00012

The effect of the trilinear Higgs self-
coupling in the LO total cross section 
amounts to a reduction of about 50% 
with respect to the box-only 
contribution, due to the large 
destructive interference. 

The QCD corrections increase the 
total cross section by about a factor 
of two with respect to the LO 
prediction,

https://cds.cern.ch/record/2692014/files/1910.00012.pdf
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pStability of the universe - mass plot

The uncertainty from α3 and from 
theoretical errors are indicated by the 
dashed lines and the colour shading along 
the borders. 

Also shown are contour lines of the 
instability scale ΛI

66

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded 
at 2.8σ (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from 
Mt, any refinement in the measurement of the top mass is of great importance for the question 
of EW vacuum stability.

a network of contour lines labeled by the instability scale  
Λ_I: the energy where λ_eff(µ)=0
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76

The area denoted as ‘no EW vacuum’ corresponds to a situation in which λ is negative at the 
weak scale, and therefore the usual Higgs vacuum does not exist.  
In the region denoted as ‘Planck-scale dominated’ the instability scale ΛI is larger than 10^18 
GeV.  
In this situation we expect that both the Higgs potential and the tunnelling rate receive large 
gravitational corrections and any assessment about vacuum stability becomes unreliable.
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pBJetCalibration correction

Improve the  resolution by correction for  

• muons escaping the cone  
• neutrinos 
• other out-of-cone effects 

Improve by ~ 23% the  resolution

mbb

mbb

77
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ggF production

78

VBF production
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arXiv:2406.09971

80

https://arxiv.org/abs/2406.09971
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Final state particles observed in the ATLAS detector: photons and b-jets

84

DiHiggs production with one Higgs decaying to two photons and one to two -quarksb
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Final state particles observed in the ATLAS 
detector: photons and -jets 

 photon reconstruction and calibration 

 -jet reconstruction and calibration

b

⇒

⇒ b

85
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Figure 3: Leading order Feynman diagrams showing non-resonant production of

pairs of Higgs bosons in the Standard Model: (a) the triangle diagram, featuring

the Higgs boson trilinear self-coupling, labeled with the self-coupling modifier

� ⌘ / and (b) the box diagram, featuring only a loop of quarks.

1
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Figure 3: Leading order Feynman diagrams showing non-resonant production of

pairs of Higgs bosons in the Standard Model: (a) the triangle diagram, featuring

the Higgs boson trilinear self-coupling, labeled with the self-coupling modifier

� ⌘ / and (b) the box diagram, featuring only a loop of quarks.

1

Motivation to use the  channelbbγγ

The low  region is essential to constrain the 
trilinear coupling 

The diphoton signature has the advantages: 

• efficient photon reconstruction 

• low energy resolution 

• diphoton trigger is able to get the Higgs at rest 

This ensures good sensitivity to low  

We would love to do HH to  

However,….

mHH

mHH

γγγγ

86
 sensitivitybbγγ  sensitivitybbbb
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pHiggs decay modes

 has a very low branching ratio 
At the moment DiHiggs searches are limited by statistics   

  is thus great to access low  region and still have a reasonable statistics

H → γγ
⇒ bbγγ

⇒ bbγγ mHH 87

bb WW ττ ZZ γγ

bb 34%

WW 25% 4.6%

ττ 7.3% 2.7% 0.39%

ZZ 3.1% 1.1% 0.33% 0.069%

γγ 0.26% 0.10% 0.028% 0.012% 0.0005%

BR( ) = 0.23%H → γγ

BR( ) = 59%H → bb
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Improve the  resolution by an additional 16% compared to the BCalibration correctionmbb
88
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89

 is the distribution we want to fit to 
extract  

The main background is jets

mγγ
κλ

γγ+
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90

 is preferred over simply  
since it improves the signal mass 

resolution due to the cancellation of 
detector effects

m*bbyy mbbyy

 

HM (high mass) region = SM-like region:  

LH (low mass) region = BSM-like region: 

m*bbyy = mbbyy − mbb − myy + 250 GeV

m*bbyy ≥ 350 GeV

m*bbyy < 350 GeV

A BDT is trained for each region to 
distinguish signal from backgrounds
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3 categories for HM region and 4 for LM region are defined based on the BDT scores

91

LM1 LM2 LM3

HM1 HM2
HM3

LM4

Low Mass region High Mass region
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https://arxiv.org/pdf/2409.03651
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Higgs potential shape and kl
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Higgs potential shape and kl
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pPrimordial GWs frequency ranges?

Primordial gravitational wave frequencies span a broad range, with current and future observatories targeting specific bands: Pulsar Timing Arrays (PTAs) probe the nanohertz (nHz) to microhertz (µHz) 
range, space-based interferometers like LISA target the millihertz (mHz) to 1 Hz range, and ground-based detectors like the Einstein Telescope (ET) and Cosmic Explorer (CE) aim for the 1 Hz to 10 kHz 
band. Scientists also look for even higher frequencies, from kilohertz to 100 gigahertz (GHz), though these frequencies are primarily associated with sources like cosmic strings that have left no imprint 
on current detectors

101

• The strength and nature of the electroweak phase transition depend partly on 
the Higgs potential — and thus on the Higgs self-coupling. 

• The mexican hat SM is a smooth transition from 0 to VEV thus not first order 
• The higgs selcoupling gives us information about the shape of the higgs 

potential and thus conseguently on how the Higgs did “roll” into that minima 
• for a first-order phase transition the frequency range would depend on the 

temperature of the universe when it happened 
• A first order phase transition higgs potential would have a secondary minima 

that can be reached suddenly through tunneling for example 
• First connection between the very small and the very big? (SM and gravity?)
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Higgs potential shape and kl
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Current knowledge

if you start from “all operators of dimension 6,” you get a very redundant set 
Why do we need to chose a basis? Because there is no unique way to remove redundancies 

We need to chose a basis. 
A basis is the minimal set of independent operators (parameters) for the most general classification 

of BSM effects. 
We pick by convention the Warsaw basis 

The Warsaw basis (Grzadkowski et al. 2010, JHEP 10 (2010) 085) is the most widely used 
complete and nonredundant set of dimension-6 SMEFT operators in the linear realization of EWSB
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γ

Jet

Jet

X

Y

H

H
⃗p T,H

−
⃗p T,H

 = ⃗p′￼T,jet + ⃗p′￼′￼T,jet − ⃗p′￼T,γ − ⃗p′￼′￼T,γ


