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• The Higgs field is crucial 
to the SM as we know it

• Gives masses to the 
fermions

• Electroweak symmetry 
breaking gives masses to 

, splits off 

• All rises from the unique 
shape of the Higgs 
potential

W/Z γ

The Higgs in the SM
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source

https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/


M. Swiatlowski (TRIUMF) February 18, 2026

The BEH Mechanism
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NASA

We all know the story of the Big Bang…

But what about the future of the universe?

Is our universe stable? What can we test?
New physics can affect these conclusions!

Markkanen et al. Cosmological Aspects of Higgs Vacuum Metastability

FIGURE 7 | Stability diagram of the Standard Model vacuum state in the pole

masses Mt, Mh of the top quark and Higgs boson, respectively. Ellipses show

the 1σ , 2σ , 3σ confidence intervals for Mt and Mh around their central values

from Tanabashi et al. (2018). In the green region, the current vacuum is

absolutely stable, in the yellow region it satisfies the bound (5.9), and in the red

region it is so unstable that it would not have survived until the present day.

The instability boundary includes gravitational backreaction (Rajantie and

Stopyra, 2017) and is shown for ξ = 0 and ξ = ±1000 of the non-minimal

curvature coupling. The blue dashed line shows the instability bound (5.62)

obtained by taking the thermal history of the Universe into account (Delle Rose

et al., 2016) and assuming a high reheat temperature TRH = 1016 GeV. For

lower reheat temperatures, the instability bound becomes weaker, and

approaches the red dotted line as TRH → 0.

what we observe, no matter how low the probability is a priori.
One can therefore argue that observations do not require 〈N 〉 !
1. However, the anthropic argument does not rule out bubbles
hitting us in the future, and therefore, if the Universe survives for
a further period of time, that imposes a bound that is not subject
to the anthropic principle. For this, the quantity that matters is
the time derivative of the expected number of bubbles,

d〈N 〉
dt

= 4π

a0
$0

∫ η0

ηini

dη a(η)4(η0 − η)2. (5.11)

This imposes constraints that are numerically weaker but cannot
be avoided by anthropic reasoning. To be concrete, one can
carry out an experiment by waiting for a period of time texp, for
example 1 year. If, at the end of the time period, the experimenter
has not been hit by a bubble wall, this gives a constraint

texp
d〈N 〉
dt

! 1. (5.12)

For the post-inflationary Universe this is

texp
d〈N 〉
dt

= (texpH0)× 4.91$0H
−4
0 , (5.13)

and for texp = 1yr, one obtains the bound

$0 ! 2.9× 1010H4
0 , or B " 520. (5.14)

This is weaker than Equation (5.9), but because of the very strong
dependence of$0 on the top andHiggsmasses, it does not change
the stability constraints on them significantly.

5.3. Inflation
Although most of the spacetime volume of our past lightcone
comes from the late times, the vacuum decay rate $(a) was much
higher in the very early Universe. Depending on the cosmological
scenario, it can be high enough to violate the bound (5.7), and this
can be used to constrain theories.

The earliest stage in the evolution of the Universe that
we have evidence for is inflation, a period of accelerating
expansion, which made the Universe spatially flat, homogeneous
and isotropic and also generated the initial seeds for structure
formation. In simplest models of inflation, the energy density
driving it is in the form of the potential energy V(φ) of a
scalar field φ known as the inflaton. The inflaton field is nearly
homogeneous, and satisfies the equation of motion

φ̈ + 3Hφ̇ + V ′(φ) = 0. (5.15)

During inflation the potential satisfies the slow-roll conditions,

ε ≡
M2

P

2
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V ′

V

)2

(1, and −1(η ≡ M2
P

(

V ′′

V

)

(1. (5.16)

These conditions guarantee the existence of a solution in which
the first term in Equation (5.15) is subdominant, and the inflaton
field rolls slowly down the potential V(φ). As a consequence, the
energy density ρ ≈ V(φ) and the Hubble rate are approximately
constant.

The Hubble rate during inflation, Hinf, is largely unknown.
Observationally it is constrained from above by the limits
on primordial B-mode polarization in the cosmic microwave
background radiation. This gives an upper bound r < 0.09
on the tensor-to-scalar ratio (Ade et al., 2016), which implies
Hinf ! 3.3 × 10−5MP ≈ 8.0 × 1013 GeV at the time when
the observable scales left the horizon. In a realistic inflationary
model, the Hubble rate decreases with time, and would therefore
be lower at the end of inflation. Although there are models in
which the Hubble rate is well below the tensor bound, it is
generally expected to be close to it, and in the simplest single-
field inflation models it even exceeds it. It is therefore considered
to be likely that the Hubble rate was significantly higher than the
Higgs massmH ≈ 125 GeV.

The minimal inflationary model is Higgs inflation (Bezrukov
et al., 2008), in which the non-minimal curvature coupling of the
Higgs field is large, ξ ∼ −49000

√
λ. This allows it to play the

role of the inflaton, without the need for a separate inflaton field.
During inflation, the Higgs field has a large value ϕ ∼ MP/|ξ |,
which means that the existence of a negative-energy minimum
would appear to pose a problem for the scenario, because if the
Higgs field gets trapped there, it would lead to a rapid collapse of
the Universe instead of inflation. However, inclusion of higher-
dimensional operators and finite temperature effects can avoid
this problem (Bezrukov et al., 2015). Of course, if the actual
top and Higgs masses lie in the stable region (see Figure 7), no
problem arises. Furthermore, if they are just below the stability
boundary, the effective Higgs potential would have an inflection
point which would allow the scenario known as critical Higgs
inflation (Bezrukov and Shaposhnikov, 2014; Hamada et al.,
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https://en.wikipedia.org/wiki/Big_Bang#/media/File:CMB_Timeline300_no_WMAP.jpg
https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full
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NASA/ESA We can observe an incredible amount of the universe,
from the smallest scales, to the largest scales, 

and one thing is missing…

sou sou

Everything we see is matter Where is the anti-matter?

The Big Bang should have produced them equally!

The SM cannot explain anti-matter’s disappearance

https://www.eso.org/public/images/eso1738b/
https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/
https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/


M. Swiatlowski (TRIUMF) February 18, 2026

so
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FIGURE 7 | Stability diagram of the Standard Model vacuum state in the pole

masses Mt, Mh of the top quark and Higgs boson, respectively. Ellipses show

the 1σ , 2σ , 3σ confidence intervals for Mt and Mh around their central values

from Tanabashi et al. (2018). In the green region, the current vacuum is

absolutely stable, in the yellow region it satisfies the bound (5.9), and in the red

region it is so unstable that it would not have survived until the present day.

The instability boundary includes gravitational backreaction (Rajantie and

Stopyra, 2017) and is shown for ξ = 0 and ξ = ±1000 of the non-minimal

curvature coupling. The blue dashed line shows the instability bound (5.62)

obtained by taking the thermal history of the Universe into account (Delle Rose

et al., 2016) and assuming a high reheat temperature TRH = 1016 GeV. For

lower reheat temperatures, the instability bound becomes weaker, and

approaches the red dotted line as TRH → 0.

what we observe, no matter how low the probability is a priori.
One can therefore argue that observations do not require 〈N 〉 !
1. However, the anthropic argument does not rule out bubbles
hitting us in the future, and therefore, if the Universe survives for
a further period of time, that imposes a bound that is not subject
to the anthropic principle. For this, the quantity that matters is
the time derivative of the expected number of bubbles,

d〈N 〉
dt

= 4π

a0
$0

∫ η0

ηini

dη a(η)4(η0 − η)2. (5.11)

This imposes constraints that are numerically weaker but cannot
be avoided by anthropic reasoning. To be concrete, one can
carry out an experiment by waiting for a period of time texp, for
example 1 year. If, at the end of the time period, the experimenter
has not been hit by a bubble wall, this gives a constraint

texp
d〈N 〉
dt

! 1. (5.12)

For the post-inflationary Universe this is

texp
d〈N 〉
dt

= (texpH0)× 4.91$0H
−4
0 , (5.13)

and for texp = 1yr, one obtains the bound

$0 ! 2.9× 1010H4
0 , or B " 520. (5.14)

This is weaker than Equation (5.9), but because of the very strong
dependence of$0 on the top andHiggsmasses, it does not change
the stability constraints on them significantly.

5.3. Inflation
Although most of the spacetime volume of our past lightcone
comes from the late times, the vacuum decay rate $(a) was much
higher in the very early Universe. Depending on the cosmological
scenario, it can be high enough to violate the bound (5.7), and this
can be used to constrain theories.

The earliest stage in the evolution of the Universe that
we have evidence for is inflation, a period of accelerating
expansion, which made the Universe spatially flat, homogeneous
and isotropic and also generated the initial seeds for structure
formation. In simplest models of inflation, the energy density
driving it is in the form of the potential energy V(φ) of a
scalar field φ known as the inflaton. The inflaton field is nearly
homogeneous, and satisfies the equation of motion

φ̈ + 3Hφ̇ + V ′(φ) = 0. (5.15)

During inflation the potential satisfies the slow-roll conditions,

ε ≡
M2

P

2

(

V ′

V

)2

(1, and −1(η ≡ M2
P

(

V ′′

V

)

(1. (5.16)

These conditions guarantee the existence of a solution in which
the first term in Equation (5.15) is subdominant, and the inflaton
field rolls slowly down the potential V(φ). As a consequence, the
energy density ρ ≈ V(φ) and the Hubble rate are approximately
constant.

The Hubble rate during inflation, Hinf, is largely unknown.
Observationally it is constrained from above by the limits
on primordial B-mode polarization in the cosmic microwave
background radiation. This gives an upper bound r < 0.09
on the tensor-to-scalar ratio (Ade et al., 2016), which implies
Hinf ! 3.3 × 10−5MP ≈ 8.0 × 1013 GeV at the time when
the observable scales left the horizon. In a realistic inflationary
model, the Hubble rate decreases with time, and would therefore
be lower at the end of inflation. Although there are models in
which the Hubble rate is well below the tensor bound, it is
generally expected to be close to it, and in the simplest single-
field inflation models it even exceeds it. It is therefore considered
to be likely that the Hubble rate was significantly higher than the
Higgs massmH ≈ 125 GeV.

The minimal inflationary model is Higgs inflation (Bezrukov
et al., 2008), in which the non-minimal curvature coupling of the
Higgs field is large, ξ ∼ −49000

√
λ. This allows it to play the

role of the inflaton, without the need for a separate inflaton field.
During inflation, the Higgs field has a large value ϕ ∼ MP/|ξ |,
which means that the existence of a negative-energy minimum
would appear to pose a problem for the scenario, because if the
Higgs field gets trapped there, it would lead to a rapid collapse of
the Universe instead of inflation. However, inclusion of higher-
dimensional operators and finite temperature effects can avoid
this problem (Bezrukov et al., 2015). Of course, if the actual
top and Higgs masses lie in the stable region (see Figure 7), no
problem arises. Furthermore, if they are just below the stability
boundary, the effective Higgs potential would have an inflection
point which would allow the scenario known as critical Higgs
inflation (Bezrukov and Shaposhnikov, 2014; Hamada et al.,
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Understanding the Higgs Potential

7

our 
universe

The Higgs potential plays a 
central role in the SM

Can it interact with new physics
to explain some of our most

pressing new questions? 

https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/
https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full
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Potential and Pairs
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Potential Higgs Potentials
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But other shapes of the potential 
still allow for 

Electroweak Symmetry Breaking

We have a prediction for the shape 
from the SM…

V(ϕ)

ϕ

Other shapes could reveal evidence 
for Electroweak Baryogenesis, or hints 

to vacuum stability

Signal distribution strongly 
depends on κλ

Increasing  leads the ‘triangle 
diagram’ to dominate:

signal peak shifts to lower 

κλ

mHH

arXiv:1910.00012 

Cross-section also depends on 
: discoverable now!κλ
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Is the Universe Stable?
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V(ϕ)

ϕ
H

HTunneling

Quantum corrections (i.e. interactions with other particles) mean
that the effective shape can be quite different from  ℒ

Even in the SM, our universe may be meta-stable: 
able to tunnel to a lower energy state!

Measuring the potential as best as we can is critical: BSM physics 
can move our universe between stability and instability

Markkanen et al. Cosmological Aspects of Higgs Vacuum Metastability

FIGURE 7 | Stability diagram of the Standard Model vacuum state in the pole

masses Mt, Mh of the top quark and Higgs boson, respectively. Ellipses show

the 1σ , 2σ , 3σ confidence intervals for Mt and Mh around their central values

from Tanabashi et al. (2018). In the green region, the current vacuum is

absolutely stable, in the yellow region it satisfies the bound (5.9), and in the red

region it is so unstable that it would not have survived until the present day.

The instability boundary includes gravitational backreaction (Rajantie and

Stopyra, 2017) and is shown for ξ = 0 and ξ = ±1000 of the non-minimal

curvature coupling. The blue dashed line shows the instability bound (5.62)

obtained by taking the thermal history of the Universe into account (Delle Rose

et al., 2016) and assuming a high reheat temperature TRH = 1016 GeV. For

lower reheat temperatures, the instability bound becomes weaker, and

approaches the red dotted line as TRH → 0.

what we observe, no matter how low the probability is a priori.
One can therefore argue that observations do not require 〈N 〉 !
1. However, the anthropic argument does not rule out bubbles
hitting us in the future, and therefore, if the Universe survives for
a further period of time, that imposes a bound that is not subject
to the anthropic principle. For this, the quantity that matters is
the time derivative of the expected number of bubbles,

d〈N 〉
dt

= 4π

a0
$0

∫ η0

ηini

dη a(η)4(η0 − η)2. (5.11)

This imposes constraints that are numerically weaker but cannot
be avoided by anthropic reasoning. To be concrete, one can
carry out an experiment by waiting for a period of time texp, for
example 1 year. If, at the end of the time period, the experimenter
has not been hit by a bubble wall, this gives a constraint

texp
d〈N 〉
dt

! 1. (5.12)

For the post-inflationary Universe this is

texp
d〈N 〉
dt

= (texpH0)× 4.91$0H
−4
0 , (5.13)

and for texp = 1yr, one obtains the bound

$0 ! 2.9× 1010H4
0 , or B " 520. (5.14)

This is weaker than Equation (5.9), but because of the very strong
dependence of$0 on the top andHiggsmasses, it does not change
the stability constraints on them significantly.

5.3. Inflation
Although most of the spacetime volume of our past lightcone
comes from the late times, the vacuum decay rate $(a) was much
higher in the very early Universe. Depending on the cosmological
scenario, it can be high enough to violate the bound (5.7), and this
can be used to constrain theories.

The earliest stage in the evolution of the Universe that
we have evidence for is inflation, a period of accelerating
expansion, which made the Universe spatially flat, homogeneous
and isotropic and also generated the initial seeds for structure
formation. In simplest models of inflation, the energy density
driving it is in the form of the potential energy V(φ) of a
scalar field φ known as the inflaton. The inflaton field is nearly
homogeneous, and satisfies the equation of motion

φ̈ + 3Hφ̇ + V ′(φ) = 0. (5.15)

During inflation the potential satisfies the slow-roll conditions,

ε ≡
M2

P

2

(

V ′

V

)2

(1, and −1(η ≡ M2
P

(

V ′′

V

)

(1. (5.16)

These conditions guarantee the existence of a solution in which
the first term in Equation (5.15) is subdominant, and the inflaton
field rolls slowly down the potential V(φ). As a consequence, the
energy density ρ ≈ V(φ) and the Hubble rate are approximately
constant.

The Hubble rate during inflation, Hinf, is largely unknown.
Observationally it is constrained from above by the limits
on primordial B-mode polarization in the cosmic microwave
background radiation. This gives an upper bound r < 0.09
on the tensor-to-scalar ratio (Ade et al., 2016), which implies
Hinf ! 3.3 × 10−5MP ≈ 8.0 × 1013 GeV at the time when
the observable scales left the horizon. In a realistic inflationary
model, the Hubble rate decreases with time, and would therefore
be lower at the end of inflation. Although there are models in
which the Hubble rate is well below the tensor bound, it is
generally expected to be close to it, and in the simplest single-
field inflation models it even exceeds it. It is therefore considered
to be likely that the Hubble rate was significantly higher than the
Higgs massmH ≈ 125 GeV.

The minimal inflationary model is Higgs inflation (Bezrukov
et al., 2008), in which the non-minimal curvature coupling of the
Higgs field is large, ξ ∼ −49000

√
λ. This allows it to play the

role of the inflaton, without the need for a separate inflaton field.
During inflation, the Higgs field has a large value ϕ ∼ MP/|ξ |,
which means that the existence of a negative-energy minimum
would appear to pose a problem for the scenario, because if the
Higgs field gets trapped there, it would lead to a rapid collapse of
the Universe instead of inflation. However, inclusion of higher-
dimensional operators and finite temperature effects can avoid
this problem (Bezrukov et al., 2015). Of course, if the actual
top and Higgs masses lie in the stable region (see Figure 7), no
problem arises. Furthermore, if they are just below the stability
boundary, the effective Higgs potential would have an inflection
point which would allow the scenario known as critical Higgs
inflation (Bezrukov and Shaposhnikov, 2014; Hamada et al.,
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NASA/ESA

Baryogenesis
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Where did the universe’s antimatter go? 

In 1967, Sakharov described 3 conditions to explain its disappearance:

1. Baryon-number violating processes
2. CP-violating processes
3. Out-of-equilibrium dynamics

The Higgs potential can play a critical part in this story:
Electroweak baryogenesis

Long story short: 
1. The shape of the Higgs potential changes during the early universe
2. The nature of this “phase change” can introduce “dynamics” (3)
3. But the SM phase change is not sufficient: need BSM with higher  to 

introduce a strongly first-order phase transition
κλ

Exists in
 the SM!

Please find CPV, Belle2!

Measuring the Higgs potential critical to test this possibility!

https://www.eso.org/public/images/eso1738b/
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The Higgs Potential 
Today
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The Large Hadron Collider:
13/13.6 TeV pp Collisions

The ATLAS Detector

Our tools for measuring the Higgs potential, today
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Searching at the LHC
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The Higgs decays instantly, to
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Searching for Higgs Pairs
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The invariant mass  is a 
standard observable

mHH

SM signal peaks at 400, with long tail
(  peaks lower)κλ ≠ 1

DNN
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Multivariate analysis with ML
also extremely common

Can use  to design SM 
and BSM targeting regions

mHH

bkgd

bkgd signal

signal

-tagging and jet reconstruction key to everything!b
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Comparing the Main Channels
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Phys. Rev. D 106 (2022) 052001 Phys. Rev. D 110 (2024) 032012 Phys. Rev. D 108 (2023) 052003
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ATLAS Combination
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Combined limits strongly
improve over inputs

Expected sensitivity at
2.4xSM, 

observed at 2.9xSM

Still a ways to go for 
evidence…

All channels contribute,
but top 3 contribute 

the most

Phys. Rev. Lett. 133 (2024) 101801

https://arxiv.org/pdf/2406.09971
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Sensitivity to κλ
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Combined limits (again) 
strongly improve 

over inputs

Trigger and background
dramatically affect
sensitivity to κλ

Multilepton moves to 
third-best measurement:
better triggers than !4b

Phys. Rev. Lett. 133 (2024) 101801

https://arxiv.org/pdf/2406.09971
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 Analysis Strategybb̄γγ
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After pre-selection, split
into high-mass and 
low-mass selections

BDT trained in each region:
select low- and high-purity

signal regions with BDT 

Pre-selection

mHH < 350 GeV mHH ≥ 350 GeV

Fail BDT
4 BDT 
regions

Fail BDT 3 BDT 
regions

Fit  in 7 SR’s 
simultaneously

to extract signal

mγγ

arXiv:2507.0349

https://arxiv.org/abs/2507.03495
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 Resultsbb̄γγ
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2.6xSM expected limit

Entire Run2 combination was 2.4!

0.84σ signal strength: long way
to go but signal strength starting

to emerge!

arXiv:2507.0349

https://arxiv.org/abs/2507.03495
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ATLAS and CMS

22

Run 2 analysis had a huge range of improvements 
from both ATLAS and CMS

Broadly similar approaches, but many differences in strategy

Ultimately very similar sensitivity

Perfect time for a first combination to see what is possible!
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The Results

23

ATLAS and CMS individually 
exclude ~3xSM signal

Combined, expected limit
at 1.7xSM, and observed

at 2.5xSM

Corresponds to 1.1σ, 
observed signal 
(1.3σ expected)

Not celebrating yet, but
coming into view!

ATLAS-CONF-2025-012 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
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 Sensitivityκλ

24

With actual production
coming into view,

 becomes the next targetκλ

Combined limits strongly
improve over inputs

More data needed to
improve measurements: 
all statistically limited

Looking forward to full 
Run 3 analysis and beyond!

ATLAS-CONF-2025-012 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
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The Higgs Potential 
Tomorrow
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The HL-LHC

26

The HL-LHC will be installed 2026-203, and run in 2030-2041(++)

Increase energy to 14 TeV, 
and instantaneous luminosity to 5-7.5x1034 cm-2s-1
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Datasets

27

Run2 Run3 Run 4+

HL-LHC data

Run3: ~10% 
of total

Run2: 5% 
of total
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The Price of Rate: Pileup
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To enable increased luminosity, collisions need to be more frequent

Bunch spacing fi
Only option: increase pileup

Expect 200 collisions per
crossing! Compare to ~60 today
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Upgrades

29

Upgraded Trigger  
and Data Acquisition: 

10x increased bandwidth 

Upgraded electronics 
for calorimeters, muon system: 

greater precision, speed

New all-silicon Inner Tracker, 
Radiation-hard and coverage to |η| < 4

Improved muon coverage 
and triggering (NSW)

New endcap high- 
granularity timing  
detector: ~20 ps  
timing resolution
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Higgs Pairs Sensitivity
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Previous round of projections: 4σ sensitivity 

Latest results:  8σ sensitivity

Likely to keep growing as techniques continue to improve!

ATL-PHYS-PUB-2025-018 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
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 Sensitivityκλ
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 sensitivity also significantly improvedκλ

Roughly ~30% precision (at 1σ)

ATL-PHYS-PUB-2025-018 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
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The Nathaniel Sketch

32

Very helpful way of visualizing our
precision: what Higgs potentials

are possible with our 
measurements today?

N. Craig and R. Petrossian-Byrne 

And what’s possible at the HL-LHC?

https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf
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The Nathaniel Plot
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What does this tell us 
about EWBG?

Here, compare precision 
achievable at LHC

under -only interpretation 
and broader SMEFT model

κλ

“Realistic” theory models
with SFOPT in other lines

We will be probing
the electroweak 

phase transition at
HL-LHC!

ATL-PHYS-PUB-2025-018 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
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Conclusions

34
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Conclusions

35

Higgs pairs are starting to 
come into focus today, and 
are even more exciting at 

the HL-LHC

Extrapolations likely underestimate 
our sensitivity: can’t project 

how clever we will be!

Many credible models for EWBG will 
be tested at the HL-LHC:

exciting times ahead!
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Thank you!

36
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Backup

37
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Very technical warning

38

If I lose you here, I’ll come back for you 
in 5 slides!
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V(ϕ)

ϕ

V(ϕ)

ϕ

The Electroweak Phase Transition

39

Adapted from T. Tait and G. White

What happens as we increase the temperature:
Go back in time towards the Big Bang

Both the SM, and modified models, undergo a phase transition:
Minimum at  vs ϕ = 0 ϕ ≠ 0

Modified models lead to out of equilibrium dynamics 
in the early universe

T < TC

T = TC
T = TC

T > TC

T > TC

https://meetings.triumf.ca/indico/event/116/session/8/contribution/33/material/slides/0.pdf
https://iopscience.iop.org/book/978-1-6817-4457-5
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Step 3: High-temperature baryon-violating processes (sphelarons)
at  remove anti-baryonsϕ = 0Step 0: Near the big bang, no EWSB: whole universe in  stateϕ = 0

Electroweak Baryogenesis

q
q̄

q

q̄

q

q̄

q

q̄

q

q̄

q

q̄

ϕ = 0

ϕ ≠ 0

ϕ ≠ 0

q q̄

q

q̄

q

q̄

q

q̄

q

q̄

q

q̄

ϕ = 0

Step 1: At , pockets of EWSB form via tunnelingTC

ϕ ≠ 0

ϕ ≠ 0

q

q̄

q

q̄

q

q̄

q

q̄

q

q̄

q

q̄

ϕ = 0

ϕ ≠ 0

ϕ ≠ 0

q

ℓ

q

q

q

q
q

ϕ = 0

ℓ

ℓ

ℓ
ℓ

ℓ

V(ϕ)

ϕ

H

H

Tunneling
H

H

q

ℓ

q

q

q

q
q

ϕ ≠ 0

ℓ

ℓ

ℓ
ℓ

ℓ

As the universe cools, the potential changes…

Step 4: Universe continues to cool to fully broken
symmetry, but anti-baryons have been removed

These processes don’t occur in the  state: electroweak symmetry breaking 
leads to matter symmetry breaking

ϕ ≠ 0Matter and anti-matter have different transmission/reflection
probabilities at the boundary

Step 2: CP Violation (NB: requires BSM) creates baryon flux
due to interactions at the boundary

q̄

q̄

q̄ ℓ

ℓ

ℓ

S

x3

(+h . c.)

40
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The Higgs Potential and EWBG

41

ϕ ≠ 0

ϕ ≠ 0

q q̄

q

q̄

q

q̄

q

q̄

q

q̄

q

q̄

ϕ = 0

The shape of the Higgs potential 
at  is critical: needs to be a 
first-order phase transition
TC

Can’t smoothly crossover the 
whole universe at once:

need ‘bubbles’ of broken symmetry

We need a modified Higgs potential
to enable this first order transition:

 could be between 1.2 and 6
(very roughly!)

κλ

And we could see this
at the LHC with di-Higgs!

V(ϕ)

ϕ
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End very technical warning
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Summary: changes in the Higgs potential can
explain matter/anti-matter asymmetry via 

a process called “Electroweak Baryogenesis”

The earliest moments of the universe are determined
by the Higgs potential and its shape!
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The SM leaves huge questions:

Is the universe stable?
Where’s the missing anti-matter?

The shape of the Higgs potential
may be key to the birth and death

of the universe

Higgs pairs are the next frontier to understanding
the Standard Model and Beyond

The Higgs is still new and not fully explored
What can we learn from this new particle?

We can measure the Higgs potential


