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For massive particles + gauge symmetry: 


2

The Higgs sector: why?

Δℒ = 0
Gauge sym.

ℒ ∈ |Dμϕ |2

Dμ = ∂μ + ieAμ

Aμ(x) → Aμ(x) −
1
e

∂μα(x)

ϕ(x) → eiα(x)ϕ(x)

Gauge transformation

< ϕ(x) > = v |Dμϕ |2 = e2v2AμAμ + . . .
Mass term for gauge boson!vacuum expectation value


vev
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Notice: no Higgs potential mentioned!

Unsatisfied with a non-zero vev? Introduce a Higgs sector.

Minimal needed: scalar field with renormalizable potential leading to a vev:

3

The Higgs sector: why?

ϕ(x) =
1

2
[0, v + h(x)]ℒϕ = |Dμϕ |2 − V(ϕ†ϕ)

V(h) =
1
2

m2
hh2 + λvh3 +

1
4

λh4
V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2

https://arxiv.org/pdf/1910.00012.pdf
https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318
https://cds.cern.ch/record/2012465/plots
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Since then, one scalar d.o.f found

Still much more to know!


Many possible Higgs sectors (composite Higgs, susy, Higgs portal extensions, etc)

Why? Many reasons (naturalness, hierarchy, my favourite: why not)

My second favourite: baryogenesis.

4

The Higgs sector: why?

Peskin and Schroeder:

V(h,?) =
1
2

m2
hh2 + . . . ?
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The Higgs sector: how? V(h,?) =
1
2

m2
hh2 + . . . ?

−ℒSMEFT ∈
1
2

m2
hh2 + λ3vh3 +

1
4

λ4h4

SM predicts HH and HHH production

HH HHH

λ3

λ4

Private pheno study by Carlo Pandini

pp -> HHH 14 TeV

λ3 = λSM, λ4 = λSM

https://arxiv.org/pdf/1910.00012.pdf
https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318
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The Higgs sector: how? V(h,?) =
1
2

m2
hh2 + . . . ?

−ℒSMEFT ∈
1
2

m2
hh2 + λ3vh3 +

1
4

λ4h4

BSM can appear in HH and HHH production

As modification of  and λ3 λ4

HH HHH

λ3

λ4

BSM

BSM

Private pheno study by Carlo Pandini

pp -> HHH 14 TeV

λ3 = λSM, λ4 = λSM
λ4 ≠ λSM

https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318
https://arxiv.org/pdf/1910.00012.pdf
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BSM model predicting large HHH: TRSM.


SM + two singlets coupling to the Higgs doublet.


Mixing:


h1 can be our scalar particle of 125 GeV

7

The Higgs sector through HHH V(h,?) =
1
2

m2
hh2 + . . . ?

https://arxiv.org/pdf/1908.08554.pdf
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BSM model predicting large HHH: TRSM.


SM + two singlets coupling to the Higgs doublet.


xsec ~ 50 fb (similar to HH production in SM)

=> constrained via HHH


h1 can be our scalar particle of 125 GeV


8

The Higgs sector through HHH V(h,?) =
1
2

m2
hh2 + . . . ?

TRSM BP3 @14TeV:

pb

https://arxiv.org/pdf/1908.08554.pdf
https://arxiv.org/pdf/2101.00037.pdf
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Baryogenesis
Problem: we exist :(

=> need for dynamical mechanism to generate matter-antimatter asymmetry.


Sakharov conditions:

1. Baryon number violation

2. Break C and CP symmetries

3. Out of thermal equilibrium

https://arxiv.org/pdf/hep-ph/0609145.pdf

https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf
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Baryogenesis
Sakharov conditions:

1. Baryon number violation


In SM: left handed B+L violated!


Thermal tunnelling to another vacuum:

Esph ∼
8πv
gw

Γsph(T) ∼ e−Esph/T ∼ e−v/T

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Baryogenesis
Sakharov conditions:

1. Baryon number violation

2. Break C and CP symmetries


In SM: CP violation in CKM matrix. Possibly not enough though! BSM CP violation is more than welcomed.

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Baryogenesis
Sakharov conditions:

1. Baryon number violation

2. Break C and CP symmetries

3. Out of thermal equilibrium


Out of thermal equilibrium when 


 surpassed by 


Electroweak symmetry breaking (EWSB) is a phase transition! 

It can cause loss of thermal equilibrium if it is a First Order Phase Transition (FOPT)

T < mX
Y + B → X e−mX/T

X Y + B

mX TEnergy:

https://cds.cern.ch/record/2012465/plots
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Electroweak Phase Transition

first order phase transition

FOPT

second order phase transition

SOPT


(or crossover)

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
https://cds.cern.ch/record/2012465/plots
https://link.springer.com/article/10.1007/JHEP01(2018)089
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Electroweak Phase Transition

first order phase transition

FOPT

second order phase transition

SOPT


(or crossover)

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition

first order phase transition

FOPT

second order phase transition

SOPT


(or crossover)

ΔB = + 3

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition: SM
We use the finite T effective potential of H


Find the critical T at phase transition, and the vev.

We need:  to be large
vc/Tc

first order phase transition

FOPT

second order phase transition

SOPT


(or crossover)

Veff(H, T) =
∼

1
2

(−m2 + αT2)H2 − βTH3 +
1
4

λH4

Γsph(Tc) ∼ e−Esph/Tc ∼ e−vc/Tc

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition: SM

second order phase transition

SOPT


(or crossover)

No first order phase transition in SM

We use the finite T effective potential of H


Find the critical T at phase transition, and the vev.

We need:  to be large
vc/Tc

Veff(H, T) =
∼

1
2

(−m2 + αT2)H2 − βTH3 +
1
4

λH4

Γsph(Tc) ∼ e−Esph/Tc ∼ e−vc/Tc

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition: BSM
Adding a scalar field can make a two-step FOPT!

https://arxiv.org/pdf/1707.09960.pdf
https://arxiv.org/pdf/1107.5441.pdf
https://arxiv.org/pdf/1707.09960.pdf
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Electroweak Phase Transition: TRSM
Adding two scalar fields?


Mixing:


Physical parameter space:


                    { }





M2, M3, vs, vx, θ1, θ2, θ3

M1 = 125 GeV, v = 246 GeV

 { }M2, M3, vs, vx, θ1, θ2, θ3

FOPT?No FOPT
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TRSM: HHH and EWPT
Adding two scalar fields?


Mixing:


Physical parameter space:


                    { }





M2, M3, vs, vx, θ1, θ2, θ3

M1 = 125 GeV, v = 246 GeV

 { }M2, M3, vs, vx, θ1, θ2, θ3

FOPT?No FOPT

pb

https://arxiv.org/pdf/2101.00037.pdf
https://arxiv.org/pdf/1908.08554.pdf
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Looking at points with large HHH (see Andreas’ Talk tmr)

Searching for FOPT


21

TRSM: HHH and EWPT

 { }M2, M3, vs, vx, θ1, θ2, θ3

FOPT?No FOPT

pb

https://arxiv.org/pdf/2101.00037.pdf
https://arxiv.org/pdf/1908.08554.pdf
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Backup
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HHH production (experimental POV)

V(h) =
1
2

m2
hh2 + λ3vh3 +

1
4

λ4h4 + O(h5) + O(h6) + . . .

 is best measured from HH production:λ3

λ3

HH

https://arxiv.org/pdf/1910.00012.pdf
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HHH production (experimental POV)

V(h) =
1
2

m2
hh2 + λ3vh3 +

1
4

λ4h4 + O(h5) + O(h6) + . . .

λ4 λ3

λ3

 is best measured from HHH production:λ4
HHH

https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318
https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318


HHH, Higgs potential, Baryogenesis                       Osama Karkout                        2023 

Starting with a problem: for gauge bosons, a bare mass term breaks gauge symmetry.


25

HHH production (theoretical POV)

ℒ = −
1
4

(Fμν)2 +
1
2

m2
AAμAμ + Fermions

Aμ(x) → Aμ(x) −
1
e

∂μα(x) Δℒ = m2
A(

(∂μα)2

2e2
−

1
e

Aμ∂μα)

Gauge transformation Gauge sym. Broken

Notice: fermion fields transform to preserve gauge sym!

Idea: introduce a gauge field to give mass and preserve gauge sym.
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Starting with a problem: for gauge bosons, a bare mass term breaks gauge symmetry.
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HHH production (theoretical POV)

Aμ(x) → Aμ(x) −
1
e

∂μα(x) Δℒ = 0
Gauge sym. Perserved

ℒ = −
1
4

(Fμν)2 + |Dμϕ |2 + Fermions
Dμ = ∂μ + ieAμ

ϕ(x) → eiα(x)ϕ(x)

Gauge transformation

< ϕ(x) > = v |Dμϕ |2 = e2v2AμAμ + . . .
Mass term for gauge boson!vacuum expectation value


vev
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Notice: no Higgs potential mentioned!

Unsatisfied with a non-zero vev? Introduce a Higgs sector.

Minimal needed: scalar field with renormalizable potential leading to a vev:
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HHH production (theoretical POV)

ϕ(x) =
1

2
[0, v + h(x)]

ℒϕ = |Dμϕ |2 − V(ϕ†ϕ)
V(h) =

1
2

m2
hh2 + λvh3 +

1
4

λh4

V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2

https://arxiv.org/pdf/1910.00012.pdf
https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318
https://cds.cern.ch/record/2012465/plots
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Since then, one scalar d.o.f found

Still much more to know!


Many possible Higgs sectors (composite Higgs, Susy, scalar extensions, etc)

Why? Many reasons (naturalness, hierarchy, my favourite: why not)

My second favourite: baryogenesis.
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HHH production (theoretical POV)

Peskin and Schroeder:

V(h,?) =
1
2

m2
hh2 + . . . ?



HHH, Higgs potential, Baryogenesis                       Osama Karkout                        2023 29

Baryogenesis
Problem: more matter than antimatter + CPT conservation in QFT!

=> need for dynamical mechanism to generate matter-antimatter asymmetry.

Sakharov conditions:

1. Baryon number violation


In SM: triangle anomaly 

Esph ∼
8πv
g

→ 0
before sym. breaking

https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition

first order phase transition

FOPT

second order phase transition

SOPT


(or crossover)

Also q_R > q(bar)_R 
so no B violation yet.

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition

first order phase transition

FOPT

second order phase transition

SOPT


(or crossover)

Question: CP violation is not restored behind the wall!

Can we measure this now?

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf

