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Today’s Plan:

1 High Energy Physics 
2 Open Questions,

3 ➜ the Breaking of Symmetry,  
4 Extended Scalar Sectors.
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1 What is High Energy Physics?
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What is High Energy Physics?
Aim: Smash particles together to “emulate” conditions 
closer to the Big Bang! (“Particle Archaeology”)

HIGHER ENERGY
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What is High Energy Physics?

[Shutterstoc

Aim: Smash particles together to understand the 
structure of matter today! (“Particle Sociology”)

& discover exotic phenomena!

 understand 
particle interactions:

e.g. The “Standard Model” (SM)

→
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What is High Energy Physics?

[Shutterstoc

Rule:  Higher Energy ⟺ Smaller Scales!E ∝ 1/λ ⇒
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What is High Energy Physics?

[Shutterstoc

Rule:  Higher Energy ⟺ Smaller Scales!E ∝ 1/λ ⇒

To probe proton structure, go to 
higher energies than this!

mp ∼ 1 GeV ⇒
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High Energy Particle Colliders
Large Hadron Collider (LHC)

@ CERN
in Geneva, Switzerland

Collides: (primarily) 
Protons to Protons

Center-of-mass energy: 
13,600 GeV = 13.6 TeV
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High Energy Particle Colliders

Collides: Heavy Ions

Relativistic Heavy Ion Collider
@ Brookhaven National Lab

in Upton, NY

+ Upcoming (2030s): 
Electron-Ion Collider,
will collide electrons 

and ions
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High Energy Particle Colliders

Collides: electrons to 
positrons (2040s)

&

 protons to protons 
(2070s) @ Center-of-
mass energy: 100,000 

GeV = 100 TeV

“Future Circular Collider”
@ CERN
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Happening Now: Particle Collisions at the LHC
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Happening Now: Particle Collisions at the LHC
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LHC: Fun Facts

•Circumference of 27 km (17 miles).

•Lies 100 m (330 feet) underground. 

•Produces hundreds of millions of particle collisions/
second (=“events”). 

•Energy stored in particle beam = Energy of 1000 kg 
car @ 3000 km/h (~1900 mph)! 

•The data recorded can fill around 100,000  DVDs 
each year!

10
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This is a real “event”!



Andreas Papaefstathiou
12

How do we make sense of it all?

Pictured: Richard Feynman playing the bongos.
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How do we make sense of it all?
<latexit sha1_base64="SxeR6w5g0dhqfXphUPXszQ6m4+0="></latexit>

L =� 1

4
Fµ⌫F
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+ iyij j + h.c.

+ |Dµ�|2 � V (�)

Pictured: Richard Feynman playing the bongos.
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How do we make sense of it all?
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Pictured: Richard Feynman playing the bongos.

Experiment
???Shut up and Calculate!
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(Shut up and Calculate) Using Quantum Field Theory
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→ Calculate ,

⇒ Probability to find particle somewhere ∝ 
Ψ
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(Shut up and Calculate) Using Quantum Field Theory

• Quantum Mechanics → weird & wonderful world of the very small objects.

E = mc2
→ Mass and Energy are equivalent!

⇒ You can exchange one for the other!
⇒ Particle creation from Energy!

• Special Relativity describes the world of the very fast-moving objects.

→ Calculate ,
⇒ Probability to find particle somewhere ∝ 

Ψ
Ψ

2
Ψ Ψ

2

[  is called the “wave function”]Ψ
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 Quantum Mechanics + Special Relativity ≈ Quantum Field Theory 
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From Theory to Experiment and Back Again

THEORY

EXPERIMENT



Andreas Papaefstathiou
16

From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again

time
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From Theory to Experiment and Back Again

Ψ
2

∝ αc4 + βc6 + γc8+ . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1
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From Theory to Experiment and Back Again

Ψ
2

∝ αc4 + βc6 + γc8+ . . .

We now know how to calculate probabilities in Quantum Field Theory!

If  then we can simply add terms for increased precision!c2 < 1

In reality: depends on the energy & momentum of the particles involved!Ψ
2

e− e−

Momentum of electron 2

Momentum of electron 1

We have a way to describe what we 
observe at experiments!
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Monte Carlo Simulations
• So, can we calculate everything using pen and paper? Not really…
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Monte Carlo Simulations
• So, can we calculate everything using pen and paper? Not really…

Ψ
2

∝ αc4 + βc6 + γc8+ . . . 1. Adding more & more terms is 
extremely challenging!

& 2. if  ⇒ Series becomes invalid!c2 ≥ 1

• Solutions: 1. Use approximate   for  large & 2. model situations where !cn n c2 ≥ 1

• Monte Carlo Simulations accomplish this!

Based on randomness and probability. 
Just like Quantum Mechanics!

Pictured: Casino Monte Carlo, Monaco.
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How do we make sense of it all?
<latexit sha1_base64="SxeR6w5g0dhqfXphUPXszQ6m4+0="></latexit>

L =� 1

4
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µ⌫ + i ̄ /D 

+ iyij j + h.c.

+ |Dµ�|2 � V (�)
Experiment

Simulations
Shut up and Simulate!
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Simulations via the Monte Carlo method: Calculate π!
• “Theory”:

• Area of a circle: . 

• Distance of any point  from origin , 
by Pythagorean theorem: .

• Probability of a point falling within circle = 
Area of Circle divided by Area of Square: 

.

A = πr2

(x, y) 𝒪
d = x2 + y2

𝒫 = πr2/(4r2) = π/4

(x, y)

𝒪 r
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Simulations of Events via Monte Carlo
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• “Theory”:

• A set of particles and their interactions! e.g.:

• Calculate probabilities via Quantum Field Theory → actually  (the 
matrix element).

ℳ
2
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• “Simulation”:

• Pick  random points within the “allowed” constraints (e.g. 
energy & momentum conservation ).

N
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• “Theory”:

• A set of particles and their interactions! e.g.:

• Calculate probabilities via Quantum Field Theory → actually  (the 
matrix element).

ℳ
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e− e−

Momentum of electron 2

Momentum  of electron 1

• “Simulation”:

• Pick  random points within the “allowed” constraints (e.g. 
energy & momentum conservation ).

N

⇒ Get lists of particles that look like real events!

Simulations of Events via Monte Carlo

[e.g. “How-to: write a parton-level Monte Carlo particle physics event generator”, AP, arXiv:1412.4677]

probability ~ ℳ
2
(p1, p2, . . . )

https://arxiv.org/abs/1412.4677
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𝒫

𝒫

Higgs Boson

b

b̄

Generated using the Herwig 7 Monte Carlo Event Generator [https://herwig.hepforge.org/]
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Theory         Experiments
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Figure 3: The transverse momentum distribution of electrons for W+ ! e+⌫ candidates (left) and W� ! e�⌫̄
candidates (right). The simulated samples are normalized to the data luminosity. The multijet background shape is
taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected
background and signal contributions is shown as a solid line with a hashed band detailing the statistical uncertainty
and labelled “total (stat)”. The legend lists only background sources with a visible contribution.

5.2 Cross-section measurements

5.2.1 Electron channels

To ensure an adequate description of important kinematic variables in the electron channels, Figures 3 to 9
compare several distributions of the data to the signal simulation and estimated backgrounds. The signal
and electroweak background distributions are taken from the simulation and normalized to the corres-
ponding data luminosity. The distributions of the background from multijet production are obtained from
data and normalized as described in Section 3.3. Figures 3, 4, 5 and 6 show the distributions of the
electron transverse momentum, the electron pseudorapidity, the missing transverse momentum, and the
transverse mass of candidate W events, respectively. The invariant mass distribution of electron pairs, se-
lected by the Z/�⇤ ! e+e� analyses, and the dilepton rapidity distributions are shown in Figures 7, 8 and
9, respectively. Good agreement between data and the predictions is observed in general for all kinematic
distributions. Small disagreements in the shapes of the Emiss

T and mT distributions of W-boson candidates
are visible at the level of 2–10%. These deviations are covered by uncertainties on the multijet background
and on the signal modelling, for the latter specifically the variations related to the hadronic recoil response
and W-boson pT spectrum. In the forward Z/�⇤ ! e+e� distributions, small disagreements at low mee and
localised in particular yee bins of the high mass region mee = 116–150 GeV are covered by the systematic
uncertainties on the electron energy scale and resolution, and background yields, respectively.

Table 1 summarizes the number of selected candidates, estimated background events and the CW[Z] cor-
rection factors used for the four di↵erent integrated electron channel measurements: W+, W�, central
Z/�⇤, and forward Z/�⇤ analyses, both Z/�⇤ analyses in the Z-peak region of 66 < mee < 116 GeV. The
corresponding four integrated cross sections in the fiducial phase space specific to the electron channels
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Figure 3: The transverse momentum distribution of electrons for W+ ! e+⌫ candidates (left) and W� ! e�⌫̄
candidates (right). The simulated samples are normalized to the data luminosity. The multijet background shape is
taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected
background and signal contributions is shown as a solid line with a hashed band detailing the statistical uncertainty
and labelled “total (stat)”. The legend lists only background sources with a visible contribution.

5.2 Cross-section measurements

5.2.1 Electron channels

To ensure an adequate description of important kinematic variables in the electron channels, Figures 3 to 9
compare several distributions of the data to the signal simulation and estimated backgrounds. The signal
and electroweak background distributions are taken from the simulation and normalized to the corres-
ponding data luminosity. The distributions of the background from multijet production are obtained from
data and normalized as described in Section 3.3. Figures 3, 4, 5 and 6 show the distributions of the
electron transverse momentum, the electron pseudorapidity, the missing transverse momentum, and the
transverse mass of candidate W events, respectively. The invariant mass distribution of electron pairs, se-
lected by the Z/�⇤ ! e+e� analyses, and the dilepton rapidity distributions are shown in Figures 7, 8 and
9, respectively. Good agreement between data and the predictions is observed in general for all kinematic
distributions. Small disagreements in the shapes of the Emiss

T and mT distributions of W-boson candidates
are visible at the level of 2–10%. These deviations are covered by uncertainties on the multijet background
and on the signal modelling, for the latter specifically the variations related to the hadronic recoil response
and W-boson pT spectrum. In the forward Z/�⇤ ! e+e� distributions, small disagreements at low mee and
localised in particular yee bins of the high mass region mee = 116–150 GeV are covered by the systematic
uncertainties on the electron energy scale and resolution, and background yields, respectively.

Table 1 summarizes the number of selected candidates, estimated background events and the CW[Z] cor-
rection factors used for the four di↵erent integrated electron channel measurements: W+, W�, central
Z/�⇤, and forward Z/�⇤ analyses, both Z/�⇤ analyses in the Z-peak region of 66 < mee < 116 GeV. The
corresponding four integrated cross sections in the fiducial phase space specific to the electron channels
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 6: Post-fit distributions of <Av
✓ 9

in the 14 signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 14) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.
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Figure 7: Post-fit distributions of <Av
✓ 9

in the 1` signal regions: 0-tag (left), 1-tag (middle), and 2-tag (right). The
expected signals, shown for <LQ = 1 TeV and B(LQ ! 1`) = 1, are shown for illustrative purposes. The category
‘Top quark’ refers to CC̄ and single-top-quark processes. The category ‘Other’ refers to diboson and ,+jet production.
The hatched band represents the total uncertainty in the background predictions.

15

Simulation of 
stuff that we 
know exist!

Hypothetical particle

Some Observable Quantity [GeV]

⇒ Determine whether a hypothetical particle is compatible with data!

 Construct histograms &
Compare to real data!

e.g.:

⇒



Andreas Papaefstathiou
27

Experiment          Theory

Cross Section [pb]

~ Frequency of 
type of event

Process Type



Andreas Papaefstathiou
27

Experiment          Theory

Cross Section [pb]

~ Frequency of 
type of event

Process Type

13 orders of 
magnitude in 

frequency!



Andreas Papaefstathiou
27

Experiment          Theory

Cross Section [pb]

~ Frequency of 
type of event

Process Type

13 orders of 
magnitude in 

frequency!

Higgs Boson 
Measurements



Andreas Papaefstathiou
28

Experiment          New Phenomena



Andreas Papaefstathiou
28

Experiment          New Phenomena

Mass Scale limits: 1-10 TeV
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[credit: Alvaro Rujula, 
Found in a CERN TH office]

⇒ No new phenomena!?
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[credit: Alvaro Rujula, 
Found in a CERN TH office]

⇒ No new phenomena!?
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Is that all folks?
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Q: What is the ultimate fate of our Universe?
We are here!
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<latexit sha1_base64="Un5NJnuItgzN4DdelV6ZWazQ1pY=">AAACMnicbVDLTsJAFJ36AvEFsnQzkZjghrRGo0uiG5eYyCOhDZlOB5gwnU5mpmjT8C1ude/P6M649SOcQhcCnuQmJ+fem3vu8QWjStv2h7WxubW9Uyjulvb2Dw6PypXjjopiiUkbRyySPR8pwignbU01Iz0hCQp9Rrr+5C7rd6dEKhrxR50I4oVoxOmQYqSNNChX3RDpMUYs7cxg3RVjeg4H5ZrdsOeA68TJSQ3kaA0qVsENIhyHhGvMkFJ9xxbaS5HUFDMyK7mxIgLhCRqRvqEchUR56dz9DJ4ZJYDDSJriGs7VvxspCpVKQt9MZl7Vai8T/+v1Yz288VLKRawJx4tDw5hBHcEsChhQSbBmiSEIS2q8QjxGEmFtAlu68oRUYiwsPxJMqVD5K8+LX0omOmc1qHXSuWg4Vw374bLWvM1DLIITcArqwAHXoAnuQQu0AQYJeAGv4M16tz6tL+t7Mbph5TtVsATr5xe3Can4</latexit>

V(�)

<latexit sha1_base64="zz/71KDvi8gXakepR+oGr8RyKKY=">AAACIXicbVDLSsNAFJ3UR2t9tbp0M1gEVyURRZdFNy4r2Ae0oUwmk2boZDLMTKoh9Bfc6t6vcSfuxJ9x0mZhWy9cOJx7L/ec4wlGlbbtb6u0sbm1Xa7sVHf39g8Oa/WjrooTiUkHxyyWfQ8pwignHU01I30hCYo8Rnre5C6f96ZEKhrzR50K4kZozGlAMdI5NRQhHdUadtOeF1wHTgEaoKj2qG6Vh36Mk4hwjRlSauDYQrsZkppiRmbVYaKIQHiCxmRgIEcRUW42FzuDZ4bxYRBL01zDOfv3IkORUmnkmc0I6VCtznLyv9kg0cGNm1EuEk04XjwKEgZ1DHPn0KeSYM1SAxCW1GiFOEQSYW3yWfryhFRqJCwb8adUqMLK88JL1UTnrAa1DroXTeeqaT9cNlq3RYgVcAJOwTlwwDVogXvQBh2AQQhewCt4s96tD+vT+lqslqzi5hgslfXzCwROpBw=</latexit>

�

Higgs Potential:

Higgs Field:

⟨ϕ⟩
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Q: What is the ultimate fate of our Universe?

tunneling!

We are here!

<latexit sha1_base64="Un5NJnuItgzN4DdelV6ZWazQ1pY=">AAACMnicbVDLTsJAFJ36AvEFsnQzkZjghrRGo0uiG5eYyCOhDZlOB5gwnU5mpmjT8C1ude/P6M649SOcQhcCnuQmJ+fem3vu8QWjStv2h7WxubW9Uyjulvb2Dw6PypXjjopiiUkbRyySPR8pwignbU01Iz0hCQp9Rrr+5C7rd6dEKhrxR50I4oVoxOmQYqSNNChX3RDpMUYs7cxg3RVjeg4H5ZrdsOeA68TJSQ3kaA0qVsENIhyHhGvMkFJ9xxbaS5HUFDMyK7mxIgLhCRqRvqEchUR56dz9DJ4ZJYDDSJriGs7VvxspCpVKQt9MZl7Vai8T/+v1Yz288VLKRawJx4tDw5hBHcEsChhQSbBmiSEIS2q8QjxGEmFtAlu68oRUYiwsPxJMqVD5K8+LX0omOmc1qHXSuWg4Vw374bLWvM1DLIITcArqwAHXoAnuQQu0AQYJeAGv4M16tz6tL+t7Mbph5TtVsATr5xe3Can4</latexit>

V(�)

<latexit sha1_base64="zz/71KDvi8gXakepR+oGr8RyKKY=">AAACIXicbVDLSsNAFJ3UR2t9tbp0M1gEVyURRZdFNy4r2Ae0oUwmk2boZDLMTKoh9Bfc6t6vcSfuxJ9x0mZhWy9cOJx7L/ec4wlGlbbtb6u0sbm1Xa7sVHf39g8Oa/WjrooTiUkHxyyWfQ8pwignHU01I30hCYo8Rnre5C6f96ZEKhrzR50K4kZozGlAMdI5NRQhHdUadtOeF1wHTgEaoKj2qG6Vh36Mk4hwjRlSauDYQrsZkppiRmbVYaKIQHiCxmRgIEcRUW42FzuDZ4bxYRBL01zDOfv3IkORUmnkmc0I6VCtznLyv9kg0cGNm1EuEk04XjwKEgZ1DHPn0KeSYM1SAxCW1GiFOEQSYW3yWfryhFRqJCwb8adUqMLK88JL1UTnrAa1DroXTeeqaT9cNlq3RYgVcAJOwTlwwDVogXvQBh2AQQhewCt4s96tD+vT+lqslqzi5hgslfXzCwROpBw=</latexit>

�

Higgs Potential:

Higgs Field:

⟨ϕ⟩
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Q: What is the ultimate fate of our Universe?

tunneling!

We are here!

<latexit sha1_base64="Un5NJnuItgzN4DdelV6ZWazQ1pY=">AAACMnicbVDLTsJAFJ36AvEFsnQzkZjghrRGo0uiG5eYyCOhDZlOB5gwnU5mpmjT8C1ude/P6M649SOcQhcCnuQmJ+fem3vu8QWjStv2h7WxubW9Uyjulvb2Dw6PypXjjopiiUkbRyySPR8pwignbU01Iz0hCQp9Rrr+5C7rd6dEKhrxR50I4oVoxOmQYqSNNChX3RDpMUYs7cxg3RVjeg4H5ZrdsOeA68TJSQ3kaA0qVsENIhyHhGvMkFJ9xxbaS5HUFDMyK7mxIgLhCRqRvqEchUR56dz9DJ4ZJYDDSJriGs7VvxspCpVKQt9MZl7Vai8T/+v1Yz288VLKRawJx4tDw5hBHcEsChhQSbBmiSEIS2q8QjxGEmFtAlu68oRUYiwsPxJMqVD5K8+LX0omOmc1qHXSuWg4Vw374bLWvM1DLIITcArqwAHXoAnuQQu0AQYJeAGv4M16tz6tL+t7Mbph5TtVsATr5xe3Can4</latexit>

V(�)

<latexit sha1_base64="zz/71KDvi8gXakepR+oGr8RyKKY=">AAACIXicbVDLSsNAFJ3UR2t9tbp0M1gEVyURRZdFNy4r2Ae0oUwmk2boZDLMTKoh9Bfc6t6vcSfuxJ9x0mZhWy9cOJx7L/ec4wlGlbbtb6u0sbm1Xa7sVHf39g8Oa/WjrooTiUkHxyyWfQ8pwignHU01I30hCYo8Rnre5C6f96ZEKhrzR50K4kZozGlAMdI5NRQhHdUadtOeF1wHTgEaoKj2qG6Vh36Mk4hwjRlSauDYQrsZkppiRmbVYaKIQHiCxmRgIEcRUW42FzuDZ4bxYRBL01zDOfv3IkORUmnkmc0I6VCtznLyv9kg0cGNm1EuEk04XjwKEgZ1DHPn0KeSYM1SAxCW1GiFOEQSYW3yWfryhFRqJCwb8adUqMLK88JL1UTnrAa1DroXTeeqaT9cNlq3RYgVcAJOwTlwwDVogXvQBh2AQQhewCt4s96tD+vT+lqslqzi5hgslfXzCwROpBw=</latexit>

�
➜ the “Vacuum Stability Problem”.

Higgs Potential:

Higgs Field:

⟨ϕ⟩
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Q: Why does the matter we are made of exist?
[or: Why is there so much more matter than anti-matter?]

[credit: QuantaMagazine]
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Q: Why does the matter we are made of exist?
[or: Why is there so much more matter than anti-matter?]

e−

e+
photon
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Q: Why does the matter we are made of exist?
[or: Why is there so much more matter than anti-matter?]
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Q: Why does the matter we are made of exist?

➜ the “Matter-Anti-Matter Asymmetry”.

[or: Why is there so much more matter than anti-matter?]
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Q: What is the nature of Dark Matter?

Rotation curve of a typical spiral 
galaxy: predicted (A) and observed (B).
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Q: What is the nature of Dark Matter?

Rotation curve of a typical spiral 
galaxy: predicted (A) and observed (B).

Q: …
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Dark Matter

Vacuum Stability Matter-anti-matter 
Asymmetry

Τhe Higgs Field & Symmetry Breaking
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Dark Matter

Vacuum Stability Matter-anti-matter 
Asymmetry

Τhe Higgs Field & Symmetry Breaking

e.g. Future Circular Collider:
pp@100 TeV, .e+e−

e.g. ”High-Energy” LHC:
pp@27 TeV.

e.g. Muon Collider.
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Breaking the Symmetry3
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Breaking the Symmetry
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Breaking the Symmetry in the Standard Model

The potential of the Higgs 
field ( ), a complex doublet:ϕ

ϕ = (ϕ1 + iϕ3

ϕ2 + iϕ4)
(Arbitrarily) Set  

to illustrate potential in 
 plane. 

ϕ3 = ϕ4 = 0

(ϕ1, ϕ2)

𝒱(ϕ)
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Breaking the Symmetry in the Standard Model

The potential of the Higgs 
field ( ), a complex doublet:ϕ

ϕ = (ϕ1 + iϕ3

ϕ2 + iϕ4)
(Arbitrarily) Set  

to illustrate potential in 
 plane. 

ϕ3 = ϕ4 = 0

(ϕ1, ϕ2)

𝒱(ϕ)
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Breaking the Symmetry in the Standard Model

More Symmetry → Less (obvious) Symmetry

⟨ϕ⟩ ≠ 0

⟨ϕ⟩ = 0

<latexit sha1_base64="3cWpGNwpFHX0XF02Q+QSYJDiYec="></latexit>

V(�) =  |�|2 +⌅ |�|4

Higgs field ( ) 
potential

ϕ
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Breaking the Symmetry in the Standard Model

More Symmetry → Less (obvious) Symmetry

⟨ϕ⟩ ≠ 0

⟨ϕ⟩ = 0

<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4
→  is the Higgs boson! (LHC, 2012)h

Higgs field ( ) 
potential

ϕ
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Breaking the Symmetry in the Standard Model

More Symmetry → Less (obvious) Symmetry

⟨ϕ⟩ ≠ 0

⟨ϕ⟩ = 0

<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4
→  is the Higgs boson! (LHC, 2012)h

Higgs field ( ) 
potential

ϕ

ℒ ⊃ ⋆ ψ̄ϕψ → ⋆ ⟨ϕ⟩ ψ̄ψ + . . . → e.g. explains Fermion 
masses!
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Breaking the Symmetry in the Standard Model

≡ Electro-Weak Phase Transition (EWPT)

More Symmetry → Less (obvious) Symmetry

⟨ϕ⟩ ≠ 0

⟨ϕ⟩ = 0

<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4
→  is the Higgs boson! (LHC, 2012)h

Higgs field ( ) 
potential

ϕ

ℒ ⊃ ⋆ ψ̄ϕψ → ⋆ ⟨ϕ⟩ ψ̄ψ + . . . → e.g. explains Fermion 
masses!
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The Higgs Boson’s Potential
<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4

⟨ϕ⟩ ≠ 0

→ the Higgs boson’s self-interactions.

→ Determine shape of potential by measuring:  
<latexit sha1_base64="g+mzyOZTe7Lj5nMNm4UaKOsul3U="></latexit>

{ ,N,⌅}
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The Higgs Boson’s Potential
<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4

⟨ϕ⟩ ≠ 0

→ the Higgs boson’s self-interactions.

→ Determine shape of potential by measuring:  
<latexit sha1_base64="g+mzyOZTe7Lj5nMNm4UaKOsul3U="></latexit>

{ ,N,⌅}

⇥
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit> h

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✅Higgs boson discovery @ LHC, 2012
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The Higgs Boson’s Potential
<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4

⟨ϕ⟩ ≠ 0

→ the Higgs boson’s self-interactions.

→ Determine shape of potential by measuring:  
<latexit sha1_base64="g+mzyOZTe7Lj5nMNm4UaKOsul3U="></latexit>

{ ,N,⌅}P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

⇥
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit> h

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✅Higgs boson discovery @ LHC, 2012
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The Higgs Boson’s Potential
<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4

⟨ϕ⟩ ≠ 0

→ the Higgs boson’s self-interactions.

→ Determine shape of potential by measuring:  
<latexit sha1_base64="g+mzyOZTe7Lj5nMNm4UaKOsul3U="></latexit>

{ ,N,⌅}P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

⇥<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

HL-LHC:  
<latexit sha1_base64="u5Ol6JZG5SignR3kePEtjkYheA0="></latexit>

⇠ O(1)⇥ NSM

FCC:
<latexit sha1_base64="zj8MjOGvUdNpcA9ZYUkc3N1Ckjk="></latexit>

⇠ O(%)⇥ NSM
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The Higgs Boson’s Potential
<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4

⟨ϕ⟩ ≠ 0

→ the Higgs boson’s self-interactions.

→ Determine shape of potential by measuring:  
<latexit sha1_base64="g+mzyOZTe7Lj5nMNm4UaKOsul3U="></latexit>

{ ,N,⌅}P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

⇥<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

[e.g. AP, Sakurai, arXiv:1508.06524, AP, 
Tetlalmatzi-Xolocotzi, Zaro, 
arXiv:1909.09166]

<latexit sha1_base64="Nyke8XPIPthg4Mvx+nKl7sanZmo="></latexit>

⇠ O(1)⇥⌅SMFCC:
HL-LHC: ☠
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The Higgs Boson’s Potential
<latexit sha1_base64="ElNYcCJ7L5DpCm9Mo+41bSDAAyY="></latexit>

V(h�i+ h) =  h2 + Nh3 +⌅h4

⟨ϕ⟩ ≠ 0

→ the Higgs boson’s self-interactions.

→ Determine shape of potential by measuring:  
<latexit sha1_base64="g+mzyOZTe7Lj5nMNm4UaKOsul3U="></latexit>

{ ,N,⌅}P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

P

<latexit sha1_base64="aXNvZ0Wzis1DuF2AGIQy6tsvYbs=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIp6LLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLG5tb2Tnm3srd/cHhUPT7pGJVqytpUCaV7ITFMcMnayFGwXqIZiUPBuuH0Lve7T0wbruQjzhIWxGQsecQpQSv1BzHBCSUia82H1ZpX9xZw14lfkBoUaA2rX4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3QurjNxIafskugv190ZGYmNmcWgn84hm1cvF/7x+itFNkHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968jrpXNX9Rr3x0Kg1b4s6ynAG53AJPlxDE+6hBW2goOAZXuHNQefFeXc+lqMlp9g5hT9wPn8AiV+RbQ==</latexit>

⇥<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

[e.g. AP, Sakurai, arXiv:1508.06524, AP, 
Tetlalmatzi-Xolocotzi, Zaro, 
arXiv:1909.09166]

<latexit sha1_base64="Nyke8XPIPthg4Mvx+nKl7sanZmo="></latexit>

⇠ O(1)⇥⌅SMFCC:
HL-LHC: ☠

[AP,  Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037 +
Karkout, AP, Postma, du Pree, Tetlalmatzi-Xolocotzi, van de Vis, 

arXiv:2404.12425, AP, Tetlalmatzi-Xolocotzi, aXiv:2312.13562]
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Breaking the Symmetry in the SM

⟨ϕ⟩ ≠ 0

⟨ϕ⟩ = 0

• Nature of EWPT → Important open question, e.g. its order:

• A First-Order transition (e.g. the boiling of water)?

• or a Second-Order transition (e.g. the superfluid transition) or cross-over?

EWPT

Higgs field ( ) 
potential

ϕ
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The Nature of the Phase Transition

→  Clues to the origin of matter-anti-matter asymmetry.

•Was the asymmetry created during the EWPT? 

→ “Electro-Weak Baryogenesis” (EWBG).

•Pre-requisite: a First-Order transition.

•Note: This does not occur in the SM!
[Kajantie, Laine, Rummukainen, Shaposhnikov hep-ph/9605288]
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A First-Order Electro-Weak Phase Transition: As the Universe Cools Down!
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A First-Order Electro-Weak Phase Transition: As the Universe Cools Down!

Higgs field ( ) 
potential

ϕ

⟨ϕ⟩ ≠ 0
⇒

Symmetry 
Breaking.
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A First-Order EWPT
Some time after critical 
temperature is reached:

→ Bubbles of the broken 
phase nucleate and expand.* 

*Note: Gravitational Waves can 
form during this period!
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A First-Order EWPT

Symmetric phase
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⟨ϕ⟩ = 0
Broken phase

Some time after critical 
temperature is reached:

→ Bubbles of the broken 
phase nucleate and expand.* 

*Note: Gravitational Waves can 
form during this period!
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Electro-Weak Baryogenesis

⟨ϕ⟩ = 0⟨ϕ⟩ ≠ 0
Symmetric phaseBroken phase
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Electro-Weak Baryogenesis

⟨ϕ⟩ = 0⟨ϕ⟩ ≠ 0

Sphaleron

CP

ψL + ψR

ψL

{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

tL, bL

eL, νe

uL, dL
μL, νμ

cL, sL

τL, ντ

Sphaleron

Symmetric phaseBroken phase

Left/Right-Handed Fermions
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{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>
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{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

tL, bL

eL, νe

uL, dL
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cL, sL

τL, ντ

Sphaleron

M

Symmetric phaseBroken phase
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[AP, Sakurai, Plätzer, arXiv:1910.4761,
+ Grefsurd, Buanes, Koutroulis, Lipniacka, AP, 

Maselek, Sakurai, Sjursen, Slazyk, arXiv:2310.15227]
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{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

tL, bL

eL, νe

uL, dL
μL, νμ

cL, sL

τL, ντ

Sphaleron

M

Symmetric phaseBroken phase

Left/Right-Handed Fermions

[AP, Sakurai, Plätzer, arXiv:1910.4761,
+ Grefsurd, Buanes, Koutroulis, Lipniacka, AP, 

Maselek, Sakurai, Sjursen, Slazyk, arXiv:2310.15227]

A First-Order 
Transition requires 
New Phenomena 
beyond the SM! 
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Electro-Weak Archaeology

⟨ϕ⟩ ≠ 0

Sphaleron

Broken phase

We live here! 
→ What are the imprints of 
Electro-Weak Baryogenesis 
at Colliders?
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Extending the Scalar Sector
•A First-Order EWPT dictates new phenomena.

•Consider the simplest possible extension to the SM!

[Kajantie, Laine, Rummukainen, Shaposhnikov hep-ph/9605288]

Add: , a new scalar field, 
No SM “charges” ≡ Singlet.

S
<latexit sha1_base64="wES3Q+uBXFKZcZcHyBHE95VnQHA="></latexit>

V(�, S) =  |�|2 +⌅ |�|4

[AP, White, arXiv:2010.00597]4
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S
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V(�, S) =  |�|2 +⌅ |�|4

← “Portal” interactions.

<latexit sha1_base64="fXNw3wLAYn+U5ddUPZApg/EhDZM="></latexit>

+S ⇥ (Hidden Sector) + ... ← Dark Matter?

[AP, White, arXiv:2010.00597]
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Extending the Scalar Sector
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S → ⟨S⟩ + χ

EWSB ↔︎ VEVs:

[AP, White, arXiv:2010.00597]

𝒱 ⊃ ∘ h2+∘hχ+∘χ2

M2 =
∂2𝒱
∂h2

∂2𝒱
∂h∂χ

∂2𝒱
∂h∂χ

∂2𝒱
∂χ2

 Mass (squared) matrix: ⇒
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V(�, S) =  |�|2 +⌅ |�|4 + S2 + NS3 +⌅S4 + N |�|2 S +⌅ |�|2 S2

ϕ → ⟨ϕ⟩ + h

S → ⟨S⟩ + χ

EWSB ↔︎ VEVs:

[AP, White, arXiv:2010.00597]

𝒱 ⊃ ∘ h2+∘hχ+∘χ2 Diagonalize!
Mass Eigenstates

(h1

h2) = ( cos θ sin θ
−sin θ cos θ) (h

χ)
: mixing angleθ

M2 =
∂2𝒱
∂h2

∂2𝒱
∂h∂χ

∂2𝒱
∂h∂χ

∂2𝒱
∂χ2

 Mass (squared) matrix: ⇒
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Extending the Scalar Sector
<latexit sha1_base64="K2WuwdMhK7rNhraHu1PEcsSX4iA="></latexit>

V(�, S) =  |�|2 +⌅ |�|4 + S2 + NS3 +⌅S4 + N |�|2 S +⌅ |�|2 S2

[AP, White, arXiv:2010.00597]

Mass Eigenstates

(h1

h2) = ( cos θ sin θ
−sin θ cos θ) (h

χ)
: mixing angleθ
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Extending the Scalar Sector
<latexit sha1_base64="K2WuwdMhK7rNhraHu1PEcsSX4iA="></latexit>

V(�, S) =  |�|2 +⌅ |�|4 + S2 + NS3 +⌅S4 + N |�|2 S +⌅ |�|2 S2

[AP, White, arXiv:2010.00597]

Mass Eigenstates

(h1

h2) = ( cos θ sin θ
−sin θ cos θ) (h

χ)
: mixing angleθ

 → “SM-like” Higgs 
boson.

h1

 → new scalar 
resonance.

h2

i.e. choose: , and: |θ | ≳ 0

h1 = h cos θ + χ sin θ
h2 = −h sin θ + χ cos θ



Andreas Papaefstathiou
48

Extending the Scalar Sector
<latexit sha1_base64="K2WuwdMhK7rNhraHu1PEcsSX4iA="></latexit>

V(�, S) =  |�|2 +⌅ |�|4 + S2 + NS3 +⌅S4 + N |�|2 S +⌅ |�|2 S2

[AP, White, arXiv:2010.00597]

Primary targets for 
collider studies!

 ⇒ Reductions in 
Higgs boson rates.
h1

 ⇒ New resonance 
searches.

h2

Mass Eigenstates

(h1

h2) = ( cos θ sin θ
−sin θ cos θ) (h

χ)
: mixing angleθ

 → “SM-like” Higgs 
boson.

h1

 → new scalar 
resonance.

h2

i.e. choose: , and: |θ | ≳ 0

h1 = h cos θ + χ sin θ
h2 = −h sin θ + χ cos θ
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Significance @  Future Colliders
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Extending the Scalar Sector with Two Singlets
•More elaborate extensions? E.g. Two Singlet Scalar fields  and .

•(+ two  symmetries forbidding some interactions).

•Diagonalization of the ( ) mass matrix leads to three physical 
scalar states: .

•Enhanced triple Higgs boson production at the LHC!?  
enhancement possible!

S1 S2

𝒵2

3 × 3
h1,2,3

> 100 ×

that the Lagrangian is quadratic in the new fields. Dµ denotes the covariant derivatives,

including the conventional SM gauge contributions, and the Bµ partial derivatives.

The amplitude for doubly-resonant enhanced triple Higgs production is only non-

vanishing if all scalars mix with each other. We are thus interested in the set-up where all

scalars obtain a vacuum expectation value and possess µ2

i ° 0 for i “ 1, 2, 3. The fields are

expanded around their corresponding vev (in unitary gauge):

�1 “
˜

0
v1`'1?

2

¸
, �i “ vi ` 'i?

2
for i “ 2, 3. (2.2)

The mass matrix B�iB�jV is o↵-diagonal and can be diagonalized by a 3 ˆ 3 unitary

matrix R which depends on three mixing angles – see appendix A.2 for explicit expres-

sions. The mass eigenstates, which we denote by hi, and the interaction eigenstates �i,

are related via hi “ Rij�j . The scalar potential in eq. (2.1) depends on 9 parameters:

three mass parameters µi, and six quartic couplings �ij . Instead of µi and �ij , we can

instead use the three mass eigenstates Mi, three mixing angles ✓ij , and three vevs vi, as

the independent parameters defining the model, with the explicit relations for these given

in appendix A.2. We identify the lightest mass eigenstate M1, with the physical Higgs

mass, with the eigenstates satisfying the ordering M1 † M2 † M3. Two parameters are

then fixed by observations: the Higgs vev v1 » 246GeV and the measured physical Higgs

boson mass M1 » 125GeV.

We point out that if one of the singlets has zero vev vi “ 0 for i “ 2, 3, the correspond-

ing field �i does not mix with the other fields. This scenario does not o↵er novel collider

phenomenology compared to the xSM. However, as we will see in section 4, it does have

an interesting e↵ect on cosmology, as it allows for a FOPT.

2.2 Resonant triple Higgs boson production

h3

h2

g

g

h1

h1

h1

�̄3 �̄123

�̄112

Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with

two heavy scalars h3 and h2.

With additional singlets, new diagrams with intermediate scalar states can contribute

to triple Higgs boson production [38]. Although these amplitudes are suppressed by the

small mixing angles, this can be overcome by resonance e↵ects if the intermediate states

are produced on-shell and above the threshold M3 ° M2 ` M1 and M2 ° 2M1. In the

TRSM, double resonances can occur if both extra singlets are resonantly produced, in a

contribution represented by the diagram shown in fig. 1.

– 4 –

•Unfortunately: Mutually exclusive with 
a first-order phase transition…

•Removing the  restriction might 
help!

𝒵2

[Karkout, AP, Postma, du Pree, Tetlalmatzi-Xolocotzi, van de Vis, arXiv:2404.12425]
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“With 4 parameters I can fit an elephant and with 5 I can make him wiggle his trunk.”      
— John Von Neumann

Discovery Post-Mortem
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“With 4 parameters I can fit an elephant and with 5 I can make him wiggle his trunk.”      
— John Von Neumann

Discovery Post-Mortem

→ Yes! With four complex parameters, 

[and with five we can make it wiggle its 
trunk.]

[Mayer, Khairy, Howard, Am. J. Phys., Vol. 78, No. 6, June 2010]

Can we fit the shape of an elephant with 4 parameters?
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“With 4 parameters I can fit an elephant and with 5 I can make him wiggle his trunk.”      
— John Von Neumann

Discovery Post-Mortem

If we discover e.g. a new scalar particle at colliders, 

→ Can we verify that it is indeed the remnant of a singlet field that 
generates a first-order electro-weak phase transition?
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“With 4 parameters I can fit an elephant and with 5 I can make him wiggle his trunk.”      
— John Von Neumann

Discovery Post-Mortem

If we discover e.g. a new scalar particle at colliders, 

→ Can we verify that it is indeed the remnant of a singlet field that 
generates a first-order electro-weak phase transition?

⇒ The “Inverse Problem”.
<latexit sha1_base64="6qHMndJjsKoBFGC3nHcltswabcw="></latexit>

{ ,N,⌅,N,⌅}Experimental observations →
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Discovery Post-Mortem Example

FCC-hh @ 100 TeV

[AP, White, arXiv:2108.11394]

Combine possible measurements:

→ both functions of  & !

→ in turn fns of  .

[Width of bands represents 
expected measurement 
uncertainty].

pp → h2 → ZZ

pp → h2 → h1h1

sin θ λ112
<latexit sha1_base64="6qHMndJjsKoBFGC3nHcltswabcw="></latexit>

{ ,N,⌅,N,⌅}

⇥<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h1

h1

h2 λ112
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Discovery Post-Mortem Example

FCC-hh @ 100 TeV

[AP, White, arXiv:2108.11394]

Combine possible measurements:

→ both functions of  & !

→ in turn fns of  .

[Width of bands represents 
expected measurement 
uncertainty].

pp → h2 → ZZ

pp → h2 → h1h1

sin θ λ112
<latexit sha1_base64="6qHMndJjsKoBFGC3nHcltswabcw="></latexit>

{ ,N,⌅,N,⌅}

λ112 ∈ [29.81, 30.65] GeV
sin θ ∈ [0.0343, 0.0347]

⇥<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

h1

h1

h2 λ112
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Multi-scalar processes should play a crucial rôle:

pp → h2h2

pp → h1h2

The Inverse Problem in Extended Scalar Sectors:

pp → h1h1h1

|ℳ |2 ∼ λ2
122, λ2

112+ . . .

|ℳ |2 ∼ λ2
222, λ2

122+ . . .

[…]

|ℳ |2 ∼ f[λ1111, λ1112, λ111, λ112]
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• Within the realm of the Standard Model, we can describe a whole of range of 
particle interactions with extraordinary precision. 

• Monte Carlo Event Generators are invaluable tools of communication 
between theory and experiment.

• However, there remains a multitude of open questions, that may be linked via 
the Electro-Weak Phase Transition.

• The Nature of the Electro-Weak Phase Transition is an important scientific 
enquiry.

• (Strong) First-Order EWPT [not in SM!] → Matter-Anti-Matter asymmetry.

• Extending the scalar sector of the SM can be the necessary catalyst! 

• Future particle colliders have the potential to probe this mechanism. 

Summary

[made with stablecog]
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• Following any discovery, solving the inverse problem would 
be the crucial next step. 

• I discussed possible first steps in this exercise, following the 
discovery of a new scalar. 

• Multi-scalar production processes (e.g. triple Higgs boson 
production) will play a crucial role in this endeavor. 

• [Could they also be discovery channels themselves?]

• Questions merit investigation both at the LHC and other 
future colliders (e.g. FCC, Muon Collider, …). 

Outlook

A. Papaefstathiou

phenomenological  
projections

7

• search for hh at LHC14 in final states:

hh ! (bb̄)(⌧+⌧�)

hh ! (bb̄)(��)

hh ! (bb̄)(W+W�)
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• Following any discovery, solving the inverse problem would 
be the crucial next step. 

• I discussed possible first steps in this exercise, following the 
discovery of a new scalar. 

• Multi-scalar production processes (e.g. triple Higgs boson 
production) will play a crucial role in this endeavor. 

• [Could they also be discovery channels themselves?]

• Questions merit investigation both at the LHC and other 
future colliders (e.g. FCC, Muon Collider, …). 

Outlook

A. Papaefstathiou

phenomenological  
projections

7

• search for hh at LHC14 in final states:

hh ! (bb̄)(⌧+⌧�)

hh ! (bb̄)(��)

hh ! (bb̄)(W+W�)

hh ! (bb̄)(bb̄)

(+) (-)
low bkgs, large BR τ-tagging

v. low bkgs, mγγ low σ and j-to-γ 

leptons+Emiss tt̄

highest BR (~1/3) QCD

• discovery of SM signal at high-lumi LHC (3000 fb-1) 
seems very likely!

Thanks!
Questions?
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Theoretical Uncertainties in SM+Singlet
• Uncertainties → Can affect e.g. the strength of the transition,  . 

• Due to:

• gauge dependence,

• scale dependence → Linde’s IR problem: expansion parameter is , 
(  mode occupation), diverges as  ⇒ perturbativity breaks down. 

• ⇒ To make reliable and sensible statements on colliders prospects:

→ Crucial to take uncertainties into account.

⟨ϕ(T)⟩/T

gnB ∼ gT/m
nB m → 0

59

[Patel, Ramsey-Musolf, arXiv:1101.4665]

[Linde, Phys. Lett. 96B (1980) 289.]
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Theoretical Uncertainty Bands
• Define “uncertainty band” by:

1. Deriving 1-loop effective potential in the covariant gauge,

2. Run couplings ,  is RGE scale, 

3. Scan parameter space of Lagrangian,

4. Vary  & gauge params.  → band of 8 pts.

5. Use PhaseTracer for each point in band → Get phase transitions, .

λ → λ(μ) μ

μ ∈ [
1
2

× mZ, 5 × mZ] ξi ∈ [0,3]

⟨ϕ(Tc)⟩/Tc

60

[Arnold, Espinosa, hep-ph/9212235], [Andreassen, MSc, Norwegian U. Sci. Tech., 2013]

[Athron, Balázs, Fowlie, Zhang, arXiv:2003.02859]

[SARAH, Staub, arXiv:0806.0538]
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1. Define two conditions:

i. VEV at 1-loop:  & deepest minimum.

ii.   & no other transition with higher . 

2. Define four mutually-exclusive categories*:

⟨ϕ(T = 0)⟩ = 246 ± 30 GeV

⟨ϕ(Tc)⟩/Tc > 1 Tc

Parameter-space Categories

61

Liberal Centrist Conservative Ultra-Conservative

SFO-EWPT more certain

*An alternative 
classification appears in 
our article: see Appendix.
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1. Define two conditions:

i. VEV at 1-loop:  & deepest minimum.

ii.   & no other transition with higher . 

2. Define four mutually-exclusive categories*:

⟨ϕ(T = 0)⟩ = 246 ± 30 GeV

⟨ϕ(Tc)⟩/Tc > 1 Tc

Parameter-space Categories
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Liberal Centrist Conservative Ultra-Conservative

▲

▲▲▲▲
▲▲▲▲
○

○

▲○▲ ○

SFO-EWPT more certain

e.g.:

*An alternative 
classification appears in 
our article: see Appendix.

ξi

μ
▲▲▲▲
▲▲▲▲
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Note: For phenomenological analyses,  take 
“central”  and .μ ξi
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Electro-Weak Precision Observables
• Real singlet scalar field 

• → modifies Higgs contributions to diagonal weak gauge boson vacuum polarisation 
diagrams, 

• & introduces additional contributions. 

• Quantify via  parameters.

• Change in EWPO :

S, T, U

𝒪 ( = S, T, U)

62

Δ𝒪 = (𝒪(m2
2) − 𝒪(m2

1)) × sin2 θ

⇒ calculate compatibility with experimental measurement .Δ𝒪EXP

[Hagiwara, Matsumoto, Haidt, Kim, hep-ph/9409380]
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The Higgs Potential & Vacuum 
Stability

63



The Importance of the Higgs sector

• the Higgs boson: the central protagonist of EWSB:

• an important characteristic of the Higgs boson is the way it couples to itself:

64

V(H†
H)

H: Higgs doublet
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• an important characteristic of the Higgs boson is the way it couples to itself:
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H / (0, v + h)
V(H†

H)

)
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L ��mf f̄LfR

� mf
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◆2
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H: Higgs doublet
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• SM potential for the Higgs doublet: 
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V(H†
H) = �m

2(H†
H) + �(H†

H)2
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• renormalisation group evolution of the coupling λ:

Implications of Mt (and Mh) for vacuum stability

1. The metastability of the electroweak vacuum after the first LHC run

In the first LHC run we have learned that the Higgs boson exists; it is light, with mass Mh '
125 GeV [1]; and it has SM-like couplings (still with room for significant deviations). Moreover,
no trace of BSM physics has showed up, leading to bounds on the mass scale L of new physics in
the TeV range for the main BSM scenarios, supersymmetric or not. For those of us willing to hold
on to the naturalness paradigm, the hierarchy problem affecting electroweak symmetry breaking
implies that new physics should be around the corner, likely on the reach of the second LHC run.
However, it is also possible that naturalness has mislead us and we are just seeing evidence that
the SM is all there is up to very high energy scales, possibly up to L ⇠ MP. Figure 1 (left plot)
shows how the most relevant SM couplings evolve when extrapolated to very high scales [2]. It was
not guaranteed but the theory stays weakly coupled up to MP but it does. We see the three gauge
couplings almost unifying at µ ⇠ 1014 GeV. The top Yukawa coupling decreases at high energy
(due to as effects) and eventually becomes smaller than all gauge couplings. The Higgs quartic
coupling evolves in a very interesting way: it is small at the EW scale, l (Mt)⇠ 1/8, as the Higgs
boson is light, and it decreases when run to higher scales. The zoomed-in right plot in Fig. 1 shows
l becoming negative at µ ⇠ 1010 GeV.

The steep slope of l (µ) is caused by one-loop top corrections, that give the dominant contribu-
tion to bl = dl/d log µ , which dictates the evolution of l with scale. One has bl =�6y4

t /(16p2)+

... where yt is the sizable top Yukawa coupling. This dependence of bl on the fourth power of yt

explains the crucial sensitivity of the running of l on the top quark mass Mt , illustrated by the gray
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Figure 1: Left: Extrapolation of SM couplings from the Fermi scale to MPl. Right: Zoom-in on the evolution
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potentially 
unstable or 
meta-stable 

vacuum!
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Figure 2: Regions in the {Mh,Mt} parameter space corresponding to: absolute stability (green), metasta-
bility with vacuum lifetime tEW > tU (yellow), and instability with tEW < tU (red), all calculated at NNLO
precision. The ellipses give the experimental measurements at 1, 2 and 3 s . Red-dashed lines in the zoomed-
in version on the left (from Ref. [8]) give the instability scale in GeV. The zoomed-out version in the right
(from Ref. [2]) includes the region with the Higgs quartic coupling becoming non-perturbative below MP.

3. Vacuum Instability and Physics Beyond the Standard Model

Obviously, the intriguing near-criticality discussed in the previous section would be an acci-
dental mirage if new physics BSM appears below MP modifying the running of l (µ) significantly.
In fact we expect that BSM physics should be there to explain dark matter, dark energy, neutrino
masses, inflation or the matter-antimatter asymmetry and it is then natural to ask how new physics
could affect the near-criticality of the Higgs potential.

There are three logical possibilities for the impact of BSM states on the stability of the Higgs
potential: a) they can make the stability worse; b) they can be irrelevant; or c) they can cure
it. Examples of the three options are easy to find and I will use for illustration the simple case
of type I seesaw neutrinos, which can accommodate the three cases. In seesaw scenarios, same
as the top quark, neutrinos affect the running of l (µ) through their Yukawa couplings, which
scale as y2

n ⇠ MNmn/v2, where mn is the light neutrino mass, MN is the mass of the heavy right
handed neutrinos and v = 246 GeV is the vacuum expectation value of the Higgs field. The three
possibilities are realized as follows: a) If MN is large enough, yn must be large to acommodate the
same light neutrino mass and the destabilizing effect of such large Yukawas worsens the instability,
potentially reducing the vacuum lifetime below tU [if l (µ) < �0.05]. This would conflict with
our survival and can be used to put an upper bound on MN [19, 5] of order MN ' 1013–14 GeV for
mn ' 0–1 eV. b) If MN is smaller than the previous upper bound, the new Yukawas are too small to
alter the running of l significantly and their presence is irrelevant for the stability of the potential.
c) A seesaw scenario that can cure the potential instability makes use of a powerful stabilization

5

in deriving this: assumed 
Standard Model.

➡ a hint for a non-standard 
Higgs sector?

➡ further investigation 
necessary.

[Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia, 1307.3536, Espinosa, 1512.01222]
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Sphaleron/Instanton Processes
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Instantons and Baryon-# Violation
• toy model: 

(1+1)-dimensions, Abelian gauge field Aμ, complex scalar Φμ, Dirac fermion of unit charge Ψ.

• Euclidean space action: 
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“Higgs potential”:

S =

Z
d2x


1

4
F 2
µ⌫ + |(@µ � ieAµ)�|2 + V (�) + i ̄(@µ � ieAµ)�

µ 

�

<latexit sha1_base64="3QKApXNau5sicJMeWQXTWsxybnM="></latexit><latexit sha1_base64="3QKApXNau5sicJMeWQXTWsxybnM="></latexit><latexit sha1_base64="3QKApXNau5sicJMeWQXTWsxybnM="></latexit><latexit sha1_base64="3QKApXNau5sicJMeWQXTWsxybnM="></latexit>

)
<latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit>

“EWSB”)
<latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit>

MA, Mh
<latexit sha1_base64="lMo9DvD7vR4qRCcxBP3Cj6wNucY=">AAAB8HicbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl1Y2bQgV7kXYYMmmmDU0yQ5IRylBfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4w4Uwb1/12lpZXVtfWCxvFza3tnd3S3n5Tx6kitEFiHqt2iDXlTNKGYYbTdqIoFiGnrXB4M6m3HqnSLJb3ZpRQX+C+ZBEj2FjroRZcnT6hWjAISmW34k6FFsHLoQy56kHpq9uLSSqoNIRjrTuemxg/w8owwum42E01TTAZ4j7tWJRYUO1n04XH6Ng6PRTFyj5p0NT9PZFhofVIhLZTYDPQ87WJ+V+tk5ro0s+YTFJDJZl9FKUcmRhNrkc9pigxfGQBE8XsrogMsMLE2IyKNgRv/uRFaJ5VPMt35+XqdR5HAQ7hCE7Agwuowi3UoQEEBDzDK7w5ynlx3p2PWeuSk88cwB85nz+eXo+f</latexit><latexit sha1_base64="lMo9DvD7vR4qRCcxBP3Cj6wNucY=">AAAB8HicbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl1Y2bQgV7kXYYMmmmDU0yQ5IRylBfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4w4Uwb1/12lpZXVtfWCxvFza3tnd3S3n5Tx6kitEFiHqt2iDXlTNKGYYbTdqIoFiGnrXB4M6m3HqnSLJb3ZpRQX+C+ZBEj2FjroRZcnT6hWjAISmW34k6FFsHLoQy56kHpq9uLSSqoNIRjrTuemxg/w8owwum42E01TTAZ4j7tWJRYUO1n04XH6Ng6PRTFyj5p0NT9PZFhofVIhLZTYDPQ87WJ+V+tk5ro0s+YTFJDJZl9FKUcmRhNrkc9pigxfGQBE8XsrogMsMLE2IyKNgRv/uRFaJ5VPMt35+XqdR5HAQ7hCE7Agwuowi3UoQEEBDzDK7w5ynlx3p2PWeuSk88cwB85nz+eXo+f</latexit><latexit sha1_base64="lMo9DvD7vR4qRCcxBP3Cj6wNucY=">AAAB8HicbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl1Y2bQgV7kXYYMmmmDU0yQ5IRylBfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4w4Uwb1/12lpZXVtfWCxvFza3tnd3S3n5Tx6kitEFiHqt2iDXlTNKGYYbTdqIoFiGnrXB4M6m3HqnSLJb3ZpRQX+C+ZBEj2FjroRZcnT6hWjAISmW34k6FFsHLoQy56kHpq9uLSSqoNIRjrTuemxg/w8owwum42E01TTAZ4j7tWJRYUO1n04XH6Ng6PRTFyj5p0NT9PZFhofVIhLZTYDPQ87WJ+V+tk5ro0s+YTFJDJZl9FKUcmRhNrkc9pigxfGQBE8XsrogMsMLE2IyKNgRv/uRFaJ5VPMt35+XqdR5HAQ7hCE7Agwuowi3UoQEEBDzDK7w5ynlx3p2PWeuSk88cwB85nz+eXo+f</latexit><latexit sha1_base64="lMo9DvD7vR4qRCcxBP3Cj6wNucY=">AAAB8HicbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl1Y2bQgV7kXYYMmmmDU0yQ5IRylBfwo0LRdz6OO58G9N2Ftr6Q+DjP+eQc/4w4Uwb1/12lpZXVtfWCxvFza3tnd3S3n5Tx6kitEFiHqt2iDXlTNKGYYbTdqIoFiGnrXB4M6m3HqnSLJb3ZpRQX+C+ZBEj2FjroRZcnT6hWjAISmW34k6FFsHLoQy56kHpq9uLSSqoNIRjrTuemxg/w8owwum42E01TTAZ4j7tWJRYUO1n04XH6Ng6PRTFyj5p0NT9PZFhofVIhLZTYDPQ87WJ+V+tk5ro0s+YTFJDJZl9FKUcmRhNrkc9pigxfGQBE8XsrogMsMLE2IyKNgRv/uRFaJ5VPMt35+XqdR5HAQ7hCE7Agwuowi3UoQEEBDzDK7w5ynlx3p2PWeuSk88cwB85nz+eXo+f</latexit>
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Kµ =
e

2⇡
✏µ⌫A⌫

<latexit sha1_base64="Z+mgu8BPZZ9+wq6hDJJ4fXDRFY8=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuykwRdCNU3QhuKtgHdIYhk95pQzOZIckIZZjfcOOvuHGhiEtd+Temj4W2Hgg5nHMuyT1hypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZmk0KQJT2QnJAo4E9DUTHPopBJIHHJoh8Prsd9+AKlYIu71KAU/Jn3BIkaJNlJgO7eBF2f4AnuRJDSHIq9hL2UF9iBVjJtIPvY9kRX4MjBXYFecqjMBXiTujFTQDI3A/vR6Cc1iEJpyolTXdVLt50RqRjkUZS9TkBI6JH3oGipIDMrPJ5sV+NgoPRwl0hyh8UT9PZGTWKlRHJpkTPRAzXtj8T+vm+no3M+ZSDMNgk4fijKOdYLHNeEek0A1HxlCqGTmr5gOiKlImzLLpgR3fuVF0qpVXcPvTiv1q1kdJXSIjtAJctEZqqMb1EBNRNEjekav6M16sl6sd+tjGl2yZjMH6A+srx/LFaAt</latexit><latexit sha1_base64="Z+mgu8BPZZ9+wq6hDJJ4fXDRFY8=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuykwRdCNU3QhuKtgHdIYhk95pQzOZIckIZZjfcOOvuHGhiEtd+Temj4W2Hgg5nHMuyT1hypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZmk0KQJT2QnJAo4E9DUTHPopBJIHHJoh8Prsd9+AKlYIu71KAU/Jn3BIkaJNlJgO7eBF2f4AnuRJDSHIq9hL2UF9iBVjJtIPvY9kRX4MjBXYFecqjMBXiTujFTQDI3A/vR6Cc1iEJpyolTXdVLt50RqRjkUZS9TkBI6JH3oGipIDMrPJ5sV+NgoPRwl0hyh8UT9PZGTWKlRHJpkTPRAzXtj8T+vm+no3M+ZSDMNgk4fijKOdYLHNeEek0A1HxlCqGTmr5gOiKlImzLLpgR3fuVF0qpVXcPvTiv1q1kdJXSIjtAJctEZqqMb1EBNRNEjekav6M16sl6sd+tjGl2yZjMH6A+srx/LFaAt</latexit><latexit sha1_base64="Z+mgu8BPZZ9+wq6hDJJ4fXDRFY8=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuykwRdCNU3QhuKtgHdIYhk95pQzOZIckIZZjfcOOvuHGhiEtd+Temj4W2Hgg5nHMuyT1hypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZmk0KQJT2QnJAo4E9DUTHPopBJIHHJoh8Prsd9+AKlYIu71KAU/Jn3BIkaJNlJgO7eBF2f4AnuRJDSHIq9hL2UF9iBVjJtIPvY9kRX4MjBXYFecqjMBXiTujFTQDI3A/vR6Cc1iEJpyolTXdVLt50RqRjkUZS9TkBI6JH3oGipIDMrPJ5sV+NgoPRwl0hyh8UT9PZGTWKlRHJpkTPRAzXtj8T+vm+no3M+ZSDMNgk4fijKOdYLHNeEek0A1HxlCqGTmr5gOiKlImzLLpgR3fuVF0qpVXcPvTiv1q1kdJXSIjtAJctEZqqMb1EBNRNEjekav6M16sl6sd+tjGl2yZjMH6A+srx/LFaAt</latexit><latexit sha1_base64="Z+mgu8BPZZ9+wq6hDJJ4fXDRFY8=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuykwRdCNU3QhuKtgHdIYhk95pQzOZIckIZZjfcOOvuHGhiEtd+Temj4W2Hgg5nHMuyT1hypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZmk0KQJT2QnJAo4E9DUTHPopBJIHHJoh8Prsd9+AKlYIu71KAU/Jn3BIkaJNlJgO7eBF2f4AnuRJDSHIq9hL2UF9iBVjJtIPvY9kRX4MjBXYFecqjMBXiTujFTQDI3A/vR6Cc1iEJpyolTXdVLt50RqRjkUZS9TkBI6JH3oGipIDMrPJ5sV+NgoPRwl0hyh8UT9PZGTWKlRHJpkTPRAzXtj8T+vm+no3M+ZSDMNgk4fijKOdYLHNeEek0A1HxlCqGTmr5gOiKlImzLLpgR3fuVF0qpVXcPvTiv1q1kdJXSIjtAJctEZqqMb1EBNRNEjekav6M16sl6sd+tjGl2yZjMH6A+srx/LFaAt</latexit>

• corresponds to “charge density”: 

NCS =

Z
dx K0 =

e

2⇡

Z
dx A1

<latexit sha1_base64="8lGPtYJuwSaxkdcEg8mkLgLASr0="></latexit><latexit sha1_base64="8lGPtYJuwSaxkdcEg8mkLgLASr0="></latexit><latexit sha1_base64="8lGPtYJuwSaxkdcEg8mkLgLASr0="></latexit><latexit sha1_base64="8lGPtYJuwSaxkdcEg8mkLgLASr0="></latexit>

• known as the “winding” or “Chern-Simons” number. 
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• a classical solution to equations of motion is the “Abrikosov vortex”: 

Ar = 0, A✓ =
1

er
f(r),

f(0) = 0, 1� f(r) ⇠ e�MAr
<latexit sha1_base64="Swut4c0wjTRO4mAR2SXnmxvcqBI="></latexit><latexit sha1_base64="Swut4c0wjTRO4mAR2SXnmxvcqBI="></latexit><latexit sha1_base64="Swut4c0wjTRO4mAR2SXnmxvcqBI="></latexit><latexit sha1_base64="Swut4c0wjTRO4mAR2SXnmxvcqBI="></latexit>

)
<latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit>

changes the Chern-Simons 
number by one unit:

�NCS =

Z
d2x @µK

µ =
e

4⇡

Z
d2x ✏µ⌫F

µ⌫ = 1
<latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit><latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit><latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit><latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit>
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�NCS =

Z
d2x @µK

µ =
e

4⇡

Z
d2x ✏µ⌫F

µ⌫ = 1
<latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit><latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit><latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit><latexit sha1_base64="Z93HpeL+yhjsTL6olfzt7m4D6dU="></latexit>

1

2
@µj

5µ =
e

4⇡
✏µ⌫F

µ⌫

<latexit sha1_base64="K6N/yg8Qtq1FuFu4NZHSmq2Adhk="></latexit><latexit sha1_base64="K6N/yg8Qtq1FuFu4NZHSmq2Adhk="></latexit><latexit sha1_base64="K6N/yg8Qtq1FuFu4NZHSmq2Adhk="></latexit><latexit sha1_base64="K6N/yg8Qtq1FuFu4NZHSmq2Adhk="></latexit>

• “instanton” transition necessarily accompanied by change of chirality of fermions by 
two units:

j5µ =  ̄�µ�5 
<latexit sha1_base64="oidxIv1sEx02/KD3pESaL5nBhQE=">AAACF3icbZDLSsNAFIYn9VbrrerSzWARXJVELLoRim5cVrAXaGI4mU7bsTNJmJkIJfQt3Pgqblwo4lZ3vo3TNAttPTDw8f/ncOb8QcyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7JTgCKchbSpmaa004sKYiA03Ywupr67QcqFYvCWz2OqSdgELI+I6CN5Jer93c13xUJxhfYDUCmbkOxCXYHIARkRo41PHX8csWu2lnhRXByqKC8Gn75y+1FJBE01ISDUl3HjrWXgtSMcDopuYmiMZARDGjXYAiCKi/N7prgI6P0cD+S5oUaZ+rviRSEUmMRmE4Beqjmvan4n9dNdP/cS1kYJ5qGZLaon3CsIzwNCfeYpETzsQEgkpm/YjIECUSbKEsmBGf+5EVonVQdwzenlfplHkcRHaBDdIwcdIbq6Bo1UBMR9Iie0St6s56sF+vd+pi1Fqx8Zh/9KevzBwVpnpY=</latexit><latexit sha1_base64="oidxIv1sEx02/KD3pESaL5nBhQE=">AAACF3icbZDLSsNAFIYn9VbrrerSzWARXJVELLoRim5cVrAXaGI4mU7bsTNJmJkIJfQt3Pgqblwo4lZ3vo3TNAttPTDw8f/ncOb8QcyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7JTgCKchbSpmaa004sKYiA03Ywupr67QcqFYvCWz2OqSdgELI+I6CN5Jer93c13xUJxhfYDUCmbkOxCXYHIARkRo41PHX8csWu2lnhRXByqKC8Gn75y+1FJBE01ISDUl3HjrWXgtSMcDopuYmiMZARDGjXYAiCKi/N7prgI6P0cD+S5oUaZ+rviRSEUmMRmE4Beqjmvan4n9dNdP/cS1kYJ5qGZLaon3CsIzwNCfeYpETzsQEgkpm/YjIECUSbKEsmBGf+5EVonVQdwzenlfplHkcRHaBDdIwcdIbq6Bo1UBMR9Iie0St6s56sF+vd+pi1Fqx8Zh/9KevzBwVpnpY=</latexit><latexit sha1_base64="oidxIv1sEx02/KD3pESaL5nBhQE=">AAACF3icbZDLSsNAFIYn9VbrrerSzWARXJVELLoRim5cVrAXaGI4mU7bsTNJmJkIJfQt3Pgqblwo4lZ3vo3TNAttPTDw8f/ncOb8QcyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7JTgCKchbSpmaa004sKYiA03Ywupr67QcqFYvCWz2OqSdgELI+I6CN5Jer93c13xUJxhfYDUCmbkOxCXYHIARkRo41PHX8csWu2lnhRXByqKC8Gn75y+1FJBE01ISDUl3HjrWXgtSMcDopuYmiMZARDGjXYAiCKi/N7prgI6P0cD+S5oUaZ+rviRSEUmMRmE4Beqjmvan4n9dNdP/cS1kYJ5qGZLaon3CsIzwNCfeYpETzsQEgkpm/YjIECUSbKEsmBGf+5EVonVQdwzenlfplHkcRHaBDdIwcdIbq6Bo1UBMR9Iie0St6s56sF+vd+pi1Fqx8Zh/9KevzBwVpnpY=</latexit><latexit sha1_base64="oidxIv1sEx02/KD3pESaL5nBhQE=">AAACF3icbZDLSsNAFIYn9VbrrerSzWARXJVELLoRim5cVrAXaGI4mU7bsTNJmJkIJfQt3Pgqblwo4lZ3vo3TNAttPTDw8f/ncOb8QcyZ0rb9bRWWlldW14rrpY3Nre2d8u5eS0WJJLRJIh7JTgCKchbSpmaa004sKYiA03Ywupr67QcqFYvCWz2OqSdgELI+I6CN5Jer93c13xUJxhfYDUCmbkOxCXYHIARkRo41PHX8csWu2lnhRXByqKC8Gn75y+1FJBE01ISDUl3HjrWXgtSMcDopuYmiMZARDGjXYAiCKi/N7prgI6P0cD+S5oUaZ+rviRSEUmMRmE4Beqjmvan4n9dNdP/cS1kYJ5qGZLaon3CsIzwNCfeYpETzsQEgkpm/YjIECUSbKEsmBGf+5EVonVQdwzenlfplHkcRHaBDdIwcdIbq6Bo1UBMR9Iie0St6s56sF+vd+pi1Fqx8Zh/9KevzBwVpnpY=</latexit>

anomalous divergence of the 
axial-vector current.

)
<latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit><latexit sha1_base64="/5z4yuyMAM3FRjoImYDFd4stkUI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxiq2FJpTNdtMu3WTD7kQpoX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53Syura+kZ5s7K1vbO7V90/aBuVacZbTEmlOyE1XIqEt1Cg5J1UcxqHkj+Eo+tp/eGRayNUco/jlAcxHSQiEoyitXz/TgyGSLVWT6RXrbl1dyayDF4BNSjU7FW//L5iWcwTZJIa0/XcFIOcahRM8knFzwxPKRvRAe9aTGjMTZDPbp6QE+v0SaS0fQmSmft7IqexMeM4tJ0xxaFZrE3N/2rdDKPLIBdJmiFP2HxRlEmCikwDIH2hOUM5tkCZFvZWwoZUU4Y2pooNwVv88jK0z+qe5dvzWuOqiKMMR3AMp+DBBTTgBprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzmfP+sakZc=</latexit>

�Q5 = �

Z
dxj50 = 2

<latexit sha1_base64="bYpRQbefysGSQcJj55VvSuQDx/I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKkkFggWpAgbGVqIPqQmR47itqZ1EtoOoon4GC7/CwgBCrN34G5w2A7QcydLxuffqnnv8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOjyRhNCRNRRUjnVgQxH1G2v7wOqu3H4mQNArv1CgmLkf9kPYoRkpLnnni3BCmEGx4Z/AS5h+Hhgo6HKmB4Gkwhk/wwbPus4aqZ5atijUFXCR2TsogR90zJ04Q4YSTUGGGpOzaVqzcFAlFMSPjkpNIEiM8RH3S1TREnEg3nR42hkdaCWAvEvppS1P190SKuJQj7uvOzK2cr2Xif7VuonoXbkrDOFEkxLNFvYRBFcEsJRhQQbBiI00QFlR7hXiABMJKZ1nSIdjzJy+SVrVia944Ldeu8jiK4AAcgmNgg3NQA7egDpoAg2fwCt7Bh/FivBmfxtestWDkM/vgD4zJD7aCnao=</latexit><latexit sha1_base64="bYpRQbefysGSQcJj55VvSuQDx/I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKkkFggWpAgbGVqIPqQmR47itqZ1EtoOoon4GC7/CwgBCrN34G5w2A7QcydLxuffqnnv8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOjyRhNCRNRRUjnVgQxH1G2v7wOqu3H4mQNArv1CgmLkf9kPYoRkpLnnni3BCmEGx4Z/AS5h+Hhgo6HKmB4Gkwhk/wwbPus4aqZ5atijUFXCR2TsogR90zJ04Q4YSTUGGGpOzaVqzcFAlFMSPjkpNIEiM8RH3S1TREnEg3nR42hkdaCWAvEvppS1P190SKuJQj7uvOzK2cr2Xif7VuonoXbkrDOFEkxLNFvYRBFcEsJRhQQbBiI00QFlR7hXiABMJKZ1nSIdjzJy+SVrVia944Ldeu8jiK4AAcgmNgg3NQA7egDpoAg2fwCt7Bh/FivBmfxtestWDkM/vgD4zJD7aCnao=</latexit><latexit sha1_base64="bYpRQbefysGSQcJj55VvSuQDx/I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKkkFggWpAgbGVqIPqQmR47itqZ1EtoOoon4GC7/CwgBCrN34G5w2A7QcydLxuffqnnv8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOjyRhNCRNRRUjnVgQxH1G2v7wOqu3H4mQNArv1CgmLkf9kPYoRkpLnnni3BCmEGx4Z/AS5h+Hhgo6HKmB4Gkwhk/wwbPus4aqZ5atijUFXCR2TsogR90zJ04Q4YSTUGGGpOzaVqzcFAlFMSPjkpNIEiM8RH3S1TREnEg3nR42hkdaCWAvEvppS1P190SKuJQj7uvOzK2cr2Xif7VuonoXbkrDOFEkxLNFvYRBFcEsJRhQQbBiI00QFlR7hXiABMJKZ1nSIdjzJy+SVrVia944Ldeu8jiK4AAcgmNgg3NQA7egDpoAg2fwCt7Bh/FivBmfxtestWDkM/vgD4zJD7aCnao=</latexit><latexit sha1_base64="bYpRQbefysGSQcJj55VvSuQDx/I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKkkFggWpAgbGVqIPqQmR47itqZ1EtoOoon4GC7/CwgBCrN34G5w2A7QcydLxuffqnnv8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOjyRhNCRNRRUjnVgQxH1G2v7wOqu3H4mQNArv1CgmLkf9kPYoRkpLnnni3BCmEGx4Z/AS5h+Hhgo6HKmB4Gkwhk/wwbPus4aqZ5atijUFXCR2TsogR90zJ04Q4YSTUGGGpOzaVqzcFAlFMSPjkpNIEiM8RH3S1TREnEg3nR42hkdaCWAvEvppS1P190SKuJQj7uvOzK2cr2Xif7VuonoXbkrDOFEkxLNFvYRBFcEsJRhQQbBiI00QFlR7hXiABMJKZ1nSIdjzJy+SVrVia944Ldeu8jiK4AAcgmNgg3NQA7egDpoAg2fwCt7Bh/FivBmfxtestWDkM/vgD4zJD7aCnao=</latexit>
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{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

tL, bL

eL, νe

uL, dL
μL, νμ

cL, sL

τL, ντ

ΔNCS = 1

e.g. [Bezrukov, Levkov, Rebbi, Rybakov, Tinyakov, hep-ph/0304180] VS. [Tye, Wong, 1505.0360, 1710.07223].
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{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>
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Figure 1. A schematic diagram of the degenerate Chern-Simons vacua, separated by a barrier of
energy E0. The result of a sphaleron transition between two of these vacua is illustrated.

type of Chern-Simons number changing processes is not quantum tunneling, and thus not

necessarily exponentially suppressed.

There have been several attempts to estimate the rate of the instanton/sphaleron-

induced EW vacuum transition processes in the high-energy regime (E & E0). For ex-

ample, studies exploiting a semiclassical approximation concluded that the exponential

suppression persists even at energy higher than 250 TeV [9]. As was pointed out in the

seminal paper by Klinkhamer and Manton [10], this may be due to a “few-to-many” sup-

pression, which stems from a necessity, and di�culty, of assembling (highly-coherent and

extended) instanton/sphaleron configurations from ordinary two particle states in the col-

lision.2 On the other hand, other estimations based on the optical theorem suggest that

the EW vacuum transition rate may become unsuppressed at energies around or above 20

TeV [12, 13]. As pointed out in [14], the aforementioned few-to-many suppression may

not be present because emitting one virtual gauge boson contributes a factor g
�1 to the

amplitude in the instanton background, rather than g as in the perturbative vacuum,

and many gauge bosons can relatively easily be produced and assembled into a coherent

state. A more recent study pointed out that it may be important to take the periodic-

ity of the EW potential (see Fig. 1) into account, since the vacuum transition rate can

be enhanced due to the resonant tunneling e↵ect. They have estimated the EW vacuum

transition rate by analysing the band structure of the spectrum and concluded that the

instanton/sphaleron processes may become observably large at energies around or above

9 TeV [14, 15]. Motivated by these encouraging estimates, several phenomenological stud-

ies on the zero-temperature instanton/sphaleron-induced processes have been carried out

recently [16–23].

Although the potential for observing instanton/sphaleron-induced processes at collid-

ers is not theoretically clear, one can instead turn to experiments to address the issue.

Compared to the large uncertainty on the event rate, the signatures of such processes are

relatively well understood. Due to the coupling of the fermions to the SU(2) gauge fields and

the presence of the anomalous divergence of the axial-vector current, a change in NCS im-

plies a change in baryon (B) and lepton (L) numbers �Le = �Lµ = �L⌧ = 1

3
�B = �NCS

as in Fig. 2. The enhancement is expected to occur when the process involves a large

1
Latin, “Through hardships to the stars” [2].

2
See also [11].
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Figure 1. A schematic diagram of the degenerate Chern-Simons vacua, separated by a barrier of
energy E0. The result of a sphaleron transition between two of these vacua is illustrated.

type of Chern-Simons number changing processes is not quantum tunneling, and thus not

necessarily exponentially suppressed.

There have been several attempts to estimate the rate of the instanton/sphaleron-

induced EW vacuum transition processes in the high-energy regime (E & E0). For ex-

ample, studies exploiting a semiclassical approximation concluded that the exponential

suppression persists even at energy higher than 250 TeV [9]. As was pointed out in the

seminal paper by Klinkhamer and Manton [10], this may be due to a “few-to-many” sup-

pression, which stems from a necessity, and di�culty, of assembling (highly-coherent and

extended) instanton/sphaleron configurations from ordinary two particle states in the col-

lision.2 On the other hand, other estimations based on the optical theorem suggest that

the EW vacuum transition rate may become unsuppressed at energies around or above 20

TeV [12, 13]. As pointed out in [14], the aforementioned few-to-many suppression may

not be present because emitting one virtual gauge boson contributes a factor g
�1 to the

amplitude in the instanton background, rather than g as in the perturbative vacuum,

and many gauge bosons can relatively easily be produced and assembled into a coherent

state. A more recent study pointed out that it may be important to take the periodic-

ity of the EW potential (see Fig. 1) into account, since the vacuum transition rate can

be enhanced due to the resonant tunneling e↵ect. They have estimated the EW vacuum

transition rate by analysing the band structure of the spectrum and concluded that the

instanton/sphaleron processes may become observably large at energies around or above

9 TeV [14, 15]. Motivated by these encouraging estimates, several phenomenological stud-

ies on the zero-temperature instanton/sphaleron-induced processes have been carried out

recently [16–23].

Although the potential for observing instanton/sphaleron-induced processes at collid-

ers is not theoretically clear, one can instead turn to experiments to address the issue.

Compared to the large uncertainty on the event rate, the signatures of such processes are

relatively well understood. Due to the coupling of the fermions to the SU(2) gauge fields and

the presence of the anomalous divergence of the axial-vector current, a change in NCS im-

plies a change in baryon (B) and lepton (L) numbers �Le = �Lµ = �L⌧ = 1

3
�B = �NCS

as in Fig. 2. The enhancement is expected to occur when the process involves a large

1
Latin, “Through hardships to the stars” [2].

2
See also [11].
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The Sphaleron energy depends 
crucially on the Higgs sector!
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A Note on Sphaleron Suppression
• Suppression of sphaleron rate inside bubble 

⇒ Baryon Asymmetry “swept in” broken phase and “frozen in”.

• Rate , 

[ : the critical temperature.]

•⇒ Require:  ⇒ a “Strong” First-Order EWPT (SFO-EWPT).

∼ exp[−⟨ϕ(TC)⟩/TC × . . . ]

TC

⟨ϕ(TC)⟩/TC ≥ 1
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• Inside the bubble:             

• Suppression requires “Strong” First-Order EWPT (SFO-EWPT).

• Despite suppression: Sphalerons @ colliders?

75

Sphaleron Suppression
Sphaleron
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• Possible enhancement if large number of bosons,

⇒ Events would spectacularly light up detectors at experiments!

76

{<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

{
<latexit sha1_base64="HqmpBwZTVZzQ+LXmwMEWLfT2Iq0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mXVva9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A5wujWc=</latexit>

t̄L, b̄L
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…

Very large # of bosons: ! 𝒪(30)

EW Sphalerons at Colliders?
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Very large # of bosons: ! 𝒪(30)

EW Sphalerons at Colliders?
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• Parametrise parton-parton cross section by :psph ̂σ(E) =
psph

m2
W

Θ(E−E0)
…

Figure 12. The projected sensitivities in the Ethr vs psph plane at the HL-LHC13 (top), HE-
LHC27 (middle) and FCC100 (bottom). In the right panel, we generate boson multiplicity according
to the LOME formula, while we fix the boson multiplicity to nB = 40 and 70. On the left-hand
side, Efreeze is taken to be 15 (20) TeV for

p
s = 13 (27, 100) TeV.

Since precise estimation of the multi-particle SM background is theoretically chal-

lenging and depends substantially on detector performance, we follow here a simplified

approach. We assume that the SM background is well-suppressed below O(1) due to the

selection cuts, and we highlight the region between Ns = 3 and 10 in the Ethr vs psph plane.

We expect that the boundary of this region will roughly correspond to the exclusion and

discovery of the sphaleron-induced processes.

Fig. 12 shows the sensitivity of the HL-LHC13 (top), HE-LHC27 (middle) and FCC100

(bottom) to the sphaleron-induced processes in the Ethr vs psph plane. On the left-hand

– 18 –
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[AP, Sakurai, Plätzer, arXiv:1910.4761]

→ Event Generator within HERWIG 7.

Threshold Energy

Sphalerons at the FCC
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EW Sphalerons at Colliders?
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EW Sphalerons at Colliders?
Homework:  

(i) What can we learn about the Higgs sector and EWBG?

(ii)  New theoretical features in Sphaleron MC.

(iii)  Model discrimination, e.g. VS micro-black holes.

(iv)  Collaboration with experimentalists for measurements.
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