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This can be explained simultaneously 
by the accelerated expansion of the 
Universe in the very first moments 
after the Big Bang. At some early 
time the fundamental interactions 
and the particle content were 
established !
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Inflation
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This epoch is presumed to be driven by some scalar field called the “inflaton”.
Towards the end of inflation, all particle states remain massless and travel at 
the speed of light. Then, EW symmetry is broken, the particle states interact 
with a scalar field and massive matter particles are created.
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Inflation
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This epoch is presumed to be driven by some scalar field called the “inflaton”.

Most economic inflationary scenario :  “inflaton” is the SM Higgs field 
The theory is nothing but the SM with the non-minimal coupling of the Higgs field to 

gravity, as required for consistency of the SM in curved space–time background.  

Bezrukov, F. L. & Shaposhnikov, M. The Standard Model Higgs boson as the inflaton.  Phys. Lett. B 659, 703–706 (2008)

Towards the end of inflation, all particle states remain massless and travel at 
the speed of light. Then, EW symmetry is broken, the particle states interact 
with a scalar field and massive matter particles are created.



International Conference on the Physics of the Two Infinities - 27/03/2023 - Roberto Salerno - 

Inflation

7

This epoch is presumed to be driven by some scalar field called the “inflaton”.
Towards the end of inflation, all particle states remain massless and travel at 
the speed of light. Then, EW symmetry is broken, the particle states interact 
with a scalar field and massive matter particles are created.

How can we explore the first instants of our Universe?

Most economic inflationary scenario :  “inflaton” is the SM Higgs field 
The theory is nothing but the SM with the non-minimal coupling of the Higgs field to 

gravity, as required for consistency of the SM in curved space–time background.  

Bezrukov, F. L. & Shaposhnikov, M. The Standard Model Higgs boson as the inflaton.  Phys. Lett. B 659, 703–706 (2008)
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LHC : a new dimension in particle physics 
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The world’s largest and most powerful particle accelerator 

14000-tonne weight 
21 metres long, 15 metres wide and 15 metres high 
4 Tesla field (~106 times the magnetic field of the Earth) 

LHC
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At LHC we reach them !
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Discovery of a fundamental scalar particle 
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Discovery channel: H ! ��.

Small signal yield due to tiny branching fraction (0.2%)

Large background, dominated by nonresonant ��
Suppression of very large jet (⇡0 ! ��) backgrounds
challenging, suppression by factor of several 1000s
needed and achieved

Excellent invariant mass resolution (down to 1%)

[Phys. Lett. B 716 (2012) 1-29]

6 / 21

Discovery channel: H ! ZZ
⇤ ! 4`.

Tiny signal yield due to small Z ! `` branching fraction

Reconstruction and suppression of background for
low-energy electrons challenging

Small backgrounds, mainly from nonresonant ZZ
⇤

? Signal-to-background about 2:1 under peak

Excellent invariant mass resolution (about 1-2%)

“the golden channel”

[Phys. Rev. Lett. 110 (2013) 081803, Phys. Lett. B 716 (2012) 30]

8 / 21

H→γγ H→ZZ→4l
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H→γγ H→ZZ→4l

Discovery of the Higgs boson, a fundamental scalar particle. 
Proof that elementary scalar fields exist !
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The Higgs boson is special

➡
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It is a fundamental scalar particle (spin 0) and 
its theory is unlike anything else has been seen in Nature!

A Yukawa interaction  
with the fermions 

Α potential V(!)~-μ2(!!†)+λ(!!†)2  
the keystone of the Higgs1) 
mechanism and SM

A gauge interaction 
with vector bosons 

1) Seminal papers PRL 13, 321-323 (1964) Englert and Brout , PRL 13, 508-509 (1964) Higgs  
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Higgs field is non-zero everywhere (< >≠0) in the vacuum of our Universe, 
and thus can produce non-zero masses for fermions and electroweak bosons.

ϕ
The Higgs potential 

ϕ0ϕ
< >≠0ϕ< >=0ϕ
Higgs field value 
in our Universe 

10-35 sec >10-12 sec 
today
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The Higgs potential 

ϕ0
< >≠0ϕ
Higgs field value 
in our Universe 

The the structure of the vacuum of our 
Universe is intimately related to how the 
Higgs boson interacts with itself!

Higgs field is non-zero everywhere (< >≠0) in the vacuum of our Universe, 
and thus can produce non-zero masses for fermions and electroweak bosons.

ϕ

Current experimental  
knowledge

SM potential 

An alternative  
potential 

H

H H H

H

H

H

λSM
3 = m2

H

2⟨ϕ⟩2
λSM

4 = m2
H

8⟨ϕ⟩2



International Conference on the Physics of the Two Infinities - 27/03/2023 - Roberto Salerno - 17

The Higgs potential 

ϕ0
< >≠0ϕ
Higgs field value 
in our Universe 

Current experimental  
knowledge

SM potential 

An alternative  
potential 

Fundamental question : does the Higgs boson interact with itself? 
    To probe this phenomenon we can study the production of Higgs boson pairs.

Higgs field is non-zero everywhere (< >≠0) in the vacuum of our Universe, 
and thus can produce non-zero masses for fermions and electroweak bosons.
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Higgs boson pair (HH) production

18

σ(pp → HH) ∼ σ(pp → H)
1000

Higgs boson pairs are predicted  
to be 1000× rarer than single Higgs 

6 Chapter 1. HH cross section predictions

(a)

H

H

g

g

t, b

H

H

g

g

t, b •

λ

(b)

q

q

H

H

q

q

W, Z

q

q

H

H

q

q

W, Z

•

λ

(c)

W, Z

H

H

q

q̄

W, Z

W, Z

H

H

q

q̄

W, Z

•

λ

Z

H

H

g

g

t, b

Z

H

H

g

g

t, b

•

λ

(d)

t

t̄

H

H

g

g

t

t̄

H

H

g

g

•

λ

Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-

HH production channels similar to H production 
⟹ but there is a very important difference

λ3

gluon fusion production
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Higgs boson pair (HH) production
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HH production channels similar to H production 
⟹ but there is a very important difference

σ(pp → HH) ∼ σ(pp → H)
1000

Higgs boson pairs are predicted  
to be 1000× rarer than single Higgs 

Must bring together many channels  
to achieve the best sensitivity. 

Nature | Vol 607 | 7 July 2022 | 65

where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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Fig. 5 | Limits on the production of Higgs boson pairs and their time 
evolution. Left: the expected and observed limits on the ratio of experimentally 
estimated production cross-section and the expectation from the SM (σTheory) in 
searches using different final states and their combination. The search modes 
are ordered, from upper to lower, by their expected sensitivities from the least 

to the most sensitive. The overall combination of all searches is shown by the 
lowest entry. Right: expected and observed limits on HH production in 
different datasets: early LHC Run 2 data (35.9 fb−1), present results using full 
LHC Run 2 data (138 fb−1) and projections for the HL-LHC (3,000 fb−1).
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-

HH  bbZZ, Multilepton, bb , bb , bbbb → γγ ττ

CMS Collaboration : Nature 607, 60-68 (2022)

gluon fusion production

λ3
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Higgs boson pair (HH) production

20

σ(pp → HH) ∼ σ(pp → H)
1000

Higgs boson pairs are predicted  
to be 1000× rarer than single Higgs 

Must bring together many channels  
to achieve the best sensitivity. 

Sensitivity better than 3×SM.  
On the way to challenge SM prediction. 
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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LHC Run 2 data (138 fb−1) and projections for the HL-LHC (3,000 fb−1).
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-

HH  bbZZ, Multilepton, bb , bb , bbbb → γγ ττ

To be 
explored

HH production channels similar to H production 
⟹ but there is a very important difference

CMS Collaboration : Nature 607, 60-68 (2022)

gluon fusion production
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 

1 10 10 0
95% CL limit on V(pp → HH)/VTheory

Observed: 32
Expected: 40

bb ZZ

Observed: 21
Expected: 19
Multilepton

Observed: 8.4
Expected: 5.5

bb γγ

Observed: 3.3
Expected: 5.2

bb ττ

Observed: 6.4
Expected: 4.0

bb bb

Observed: 3.4
Expected: 2.5

Combined

Observed Median expected

68% expected

95% expected

CMS

Nλ = Nt = 1 
NV = N2V = 1 

138 fb–1 (13 TeV)

bb bb bb ττ

bb γγ Combined

Observed

Median expected

68% expected

95% expected

CMS

Ear
ly 

LH
C R

un
 2

Th
is 

pap
er

HL-
LH

C

1

10

10 2

1

10

10 2

95
%

 C
L 

lim
it 

on
 V

(p
p 
→

 H
H

)/V
Th

eo
ry

Fig. 5 | Limits on the production of Higgs boson pairs and their time 
evolution. Left: the expected and observed limits on the ratio of experimentally 
estimated production cross-section and the expectation from the SM (σTheory) in 
searches using different final states and their combination. The search modes 
are ordered, from upper to lower, by their expected sensitivities from the least 

to the most sensitive. The overall combination of all searches is shown by the 
lowest entry. Right: expected and observed limits on HH production in 
different datasets: early LHC Run 2 data (35.9 fb−1), present results using full 
LHC Run 2 data (138 fb−1) and projections for the HL-LHC (3,000 fb−1).

36 fb−1

140 fb−1 (Run2)
3000 fb−1 (HL-LHC)

Exp. and Obs. limits on HH production in  
different datasets (36 fb−1, 140 fb−1, 3000 fb−1)

In LHC lifetime we expect to collect  
x20 more data than actual 

x20 more datax20 more data

CM
S 

Co
lla

bo
ra

tio
n 

: N
at

ur
e 

60
7,

 6
0-

68
 (2

02
2)



International Conference on the Physics of the Two Infinities - 27/03/2023 - Roberto Salerno - 

In LHC lifetime we expect to collect  
x20 more data than actual 

HH : the future at HL-LHC and beyond

22

Nature | Vol 607 | 7 July 2022 | 65

where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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whether precise atomic physics measurements could be sensitive to the 
Higgs forces involving light quarks50; however, this seems challenging51.

Central to all of Higgs physics is the Higgs potential. Recall that the 
Higgs field is non-zero everywhere in the Universe, and so produces 
non-zero masses for fermions and electroweak bosons, because the 
minimum of the Higgs potential, equation (1) and Fig. 1, lies at a non-zero 
value of the Higgs field φ. One of the most important open questions 
in Higgs physics is whether the potential written in that equation is the 
one chosen by nature. We cannot directly explore the potential across 
different values of the Higgs field. However, it turns out that the spe-
cific shape of the potential in the immediate vicinity of the minimum 
determines the probability of an important process—the splitting of a 
Higgs boson into two (or even three) Higgs bosons; this kind of process 
is referred to as a Higgs-boson self-interaction. Accurate observation 
of such a process is widely considered to be the best (but not the only52) 
way of experimentally establishing whether the world we live in is con-
sistent with that simple potential. By the end of the high-luminosity 
LHC’s operation in 15–20 years, the ATLAS and CMS experiments are 
expected to see first indications of the simultaneous production of two 
Higgs bosons. However, gathering conclusive evidence for a contribu-
tion to Higgs-pair production from the splitting of a first Higgs boson 
almost certainly requires a more powerful collider and several options 
are under discussion36,53–56.

These are but some of the questions that are being explored. Other 
important ones that the LHC experiments are starting to be sensitive 
to include the lifetime of the Higgs boson57–60 and the nature of Higgs 
interactions at energies well above the electroweak energy scale61,62.

Higgs and major open questions of particle physics and 
cosmology
Many of the above measurements are of interest not just owing to the 
fundamental nature of the Higgs sector within the Standard Model, 
but because they are also sensitive to scenarios that extend the role of 
the Higgs sector beyond that in the Standard Model. Even though the 
Standard Model has successfully passed all the numerous experimental 
tests so far, it leaves open several major questions. To various degrees, 
the Higgs boson is tied to potential solutions to these puzzles.

We close our discussion with an overview of some of these possi-
ble connections, illustrated in Fig. 4, as they play an important role in 
guiding ongoing experimental and theoretical research directions in 
particle physics. There is a lot of ground to cover, so we will begin with 
and give more emphasis to aspects closely related to the Higgs boson, 
and only briefly mention later some of the more speculative ideas.

One major puzzle is that the weak and Higgs interactions are much 
stronger, by a factor of about 1032, than the gravitational interaction. 
This is especially challenging if one harbours the hope—as do many 
physicists—that all the known interactions might come from a unifying 
and simpler framework. Over the past decades, the desire to explain 
the origin of this large difference, the so-called ‘hierarchy problem’, 
has motivated a range of theoretical proposals.

One possibility is for the Higgs boson not to be an elementary particle,  
but rather a composite object made of other, as yet undiscovered par-
ticles63. Examples of other well studied proposals are new (approxi-
mate) space–time symmetries64–66 and new space dimensions67–70. More 
recently, some more speculative ideas suggested possible connections 
between the weak scale and cosmological evolution71–73 or the amount 
of dark energy in the Universe74,75.

Without one of these proposals, or a new mechanism yet to be 
thought of, the hierarchy between the weak and the gravitational 
interaction can only arise if distinct parameters in some ultimate fun-
damental theory cancel to within 1 part in 1032. This is known as the 
fine-tuning problem of the Higgs sector.

The discovery of the Higgs boson brought such questions unavoid-
ably to the fore. The mere existence of the Higgs boson, and the (still 
approximate) picture of its properties, already exclude many theoreti-
cal ideas. In comparison with the decades before its discovery, we now 
have a much clearer target and sharper questions to answer with our 
theoretical models.

Another important question is why there is more matter than anti-
matter in the Universe. This so-called baryonic asymmetry cannot 
be explained within the Standard Model. Such an asymmetry can be 
generated if a suitable set of conditions is met76. One promising avenue 
that is being explored follows the history of the Universe as it cooled 
down after the Big Bang.

When the Universe was very hot, the minimum of the Higgs potential 
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whether precise atomic physics measurements could be sensitive to the 
Higgs forces involving light quarks50; however, this seems challenging51.

Central to all of Higgs physics is the Higgs potential. Recall that the 
Higgs field is non-zero everywhere in the Universe, and so produces 
non-zero masses for fermions and electroweak bosons, because the 
minimum of the Higgs potential, equation (1) and Fig. 1, lies at a non-zero 
value of the Higgs field φ. One of the most important open questions 
in Higgs physics is whether the potential written in that equation is the 
one chosen by nature. We cannot directly explore the potential across 
different values of the Higgs field. However, it turns out that the spe-
cific shape of the potential in the immediate vicinity of the minimum 
determines the probability of an important process—the splitting of a 
Higgs boson into two (or even three) Higgs bosons; this kind of process 
is referred to as a Higgs-boson self-interaction. Accurate observation 
of such a process is widely considered to be the best (but not the only52) 
way of experimentally establishing whether the world we live in is con-
sistent with that simple potential. By the end of the high-luminosity 
LHC’s operation in 15–20 years, the ATLAS and CMS experiments are 
expected to see first indications of the simultaneous production of two 
Higgs bosons. However, gathering conclusive evidence for a contribu-
tion to Higgs-pair production from the splitting of a first Higgs boson 
almost certainly requires a more powerful collider and several options 
are under discussion36,53–56.

These are but some of the questions that are being explored. Other 
important ones that the LHC experiments are starting to be sensitive 
to include the lifetime of the Higgs boson57–60 and the nature of Higgs 
interactions at energies well above the electroweak energy scale61,62.

Higgs and major open questions of particle physics and 
cosmology
Many of the above measurements are of interest not just owing to the 
fundamental nature of the Higgs sector within the Standard Model, 
but because they are also sensitive to scenarios that extend the role of 
the Higgs sector beyond that in the Standard Model. Even though the 
Standard Model has successfully passed all the numerous experimental 
tests so far, it leaves open several major questions. To various degrees, 
the Higgs boson is tied to potential solutions to these puzzles.

We close our discussion with an overview of some of these possi-
ble connections, illustrated in Fig. 4, as they play an important role in 
guiding ongoing experimental and theoretical research directions in 
particle physics. There is a lot of ground to cover, so we will begin with 
and give more emphasis to aspects closely related to the Higgs boson, 
and only briefly mention later some of the more speculative ideas.

One major puzzle is that the weak and Higgs interactions are much 
stronger, by a factor of about 1032, than the gravitational interaction. 
This is especially challenging if one harbours the hope—as do many 
physicists—that all the known interactions might come from a unifying 
and simpler framework. Over the past decades, the desire to explain 
the origin of this large difference, the so-called ‘hierarchy problem’, 
has motivated a range of theoretical proposals.

One possibility is for the Higgs boson not to be an elementary particle,  
but rather a composite object made of other, as yet undiscovered par-
ticles63. Examples of other well studied proposals are new (approxi-
mate) space–time symmetries64–66 and new space dimensions67–70. More 
recently, some more speculative ideas suggested possible connections 
between the weak scale and cosmological evolution71–73 or the amount 
of dark energy in the Universe74,75.

Without one of these proposals, or a new mechanism yet to be 
thought of, the hierarchy between the weak and the gravitational 
interaction can only arise if distinct parameters in some ultimate fun-
damental theory cancel to within 1 part in 1032. This is known as the 
fine-tuning problem of the Higgs sector.

The discovery of the Higgs boson brought such questions unavoid-
ably to the fore. The mere existence of the Higgs boson, and the (still 
approximate) picture of its properties, already exclude many theoreti-
cal ideas. In comparison with the decades before its discovery, we now 
have a much clearer target and sharper questions to answer with our 
theoretical models.

Another important question is why there is more matter than anti-
matter in the Universe. This so-called baryonic asymmetry cannot 
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down after the Big Bang.
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One possibility is for the Higgs boson not to be an elementary particle, but 
rather a composite object made of other, as yet undiscovered particles.
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Measure the size of the Higgs boson 
of the operator extending the SM that is linked to the interaction indicative of composite origin 
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Measure the size of the Higgs boson 

The operator shifts all couplings by the same amount.  
It can only be measured directly in the total Higgs boson width. 
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Single operator fit
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical “T” lines indicate the results
assuming only the corresponding operator is generated by the new physics. The HE-LHC results correspond to the S02
assumptions for the theory systematic uncertainties in Higgs processes [13].

Of course, in the interpretation of any measurement in a particular extension of the SM, there are also errors associated with the
missing corrections in the expansion(s) including the new physics parameters. In the particular case of the EFT framework,
these would come from NLO corrections in the perturbative expansion including dimension-6 interactions or, from the point
of view of the EFT expansion, from q4/L4 effects coming from either the square of the dimension-6 contributions to the
amplitudes, or the SM interference with amplitudes involving dimension-8 operators or double insertions of the dimension-6
ones. Note that all these corrections affect the interpretation of a measurement in terms of pinpointing what is the source of the
deformation from the SM, i.e. which particular operator and how large its coefficient can be, but not on the size of the overall
deformation per se. The latter is only controlled by the SM theoretical uncertainty. Because of that, and in the absence of a
fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.
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The origin of the matter–antimatter asymmetry1) of the Universe remains unexplained in 
the SM of particle physics. 

Baryogenesis is the hypothesized physical process taken place in the early 
Universe that has produce the observed imbalance of matter.  
It should verify the Sakharov’s conditions  

I.  Baryon number violation 
II. C (Charge conjugation) and CP (Charge conjugation × Parity) violation 
III. Departure from the thermal equilibrium

1) measured in terms of the baryon-to-photon number density ratio : η ≈ 6 × 10-10

Violation of CP in variance, — asymmetry, and baryon asymmetry of the universe
A. D. Sakharov

(Submitted 23 September 1966)
Pis'maZh. Eksp.Teor. Fiz. 5,32-35 (1967) [JETPLett. 5,24-27 (1967).
Also S7, pp. 85-88]

Usp. Fiz. Nauk 161,61-64 (May 1991)

C^TTML-

Literal translation: Out ofS. Okubo's effect

At high temperature

A fur coat is sewed for the Universe

Shaped for its crooked figure.

The theory of the expanding universe, which presup-
poses a superdense initial state of matter, apparently ex-
cludes the possibility of macroscopic separation of matter
from antimatter; it must therefore be assumed that there are
no antimatter bodies in nature, i.e., the universe is asymmet-
rical with respect to the number of particles and antiparticles
(— asymmetry). In particular, the absence of antibaryons
and the proposed absence of baryonic neutrinos implies a
nonzero baryon charge (baryonic asymmetry). We wish to
point out a possible explanation of — asymmetry in the hot
model of the expanding universe (see Ref. 1) by making use
of effects of CPinvariance violation (see Ref. 2). To explain
baryon asymmetry, we propose in addition an approximate
character for the baryon conservation law.

We assume that the baryon and muon conservation
laws are not absolute and should be unified into a "com-
bined" baryon-muon charge n

c
 = 3n

B
 — n^. We put

forantimuons/^+ and v^ =
0
'Ô^ = — 1, /IK = +1.

formuons/i. and V
M
 = ̂

‡
'.Ô = +1, Ô

Í
 = -I.

for baryons P and TV: Ô
‚
 = +1, Ô

Í
= +3.

for antibaryons P and N: «B = — 1, Ô
Í
 = —3.

This form of notation is connected with the quark concept;
we ascribe to the/?, n, and À quarks n

c
 = + I, and to anti-

quarks, Ë,. = — 1. The theory proposes that under laborato-
ry conditions processes involving violation of Ô

‚
 and Ë‰ play

a negligible role, but they were very important during the
earlier stage of the expansion of the universe.

We assume that the universe is neutral with respect to
the conserved charges (lepton, electric, and combined), but
— asymmetrical during the given instant of its development
(the positive lepton charge is concentrated in the electrons
and the negative lepton charge in the excess of antineutrinos
over the neutrinos; the positive electric charge is concentrat-
ed in the protons and the negative in the electrons; the posi-
tive combined charge is concentrated in the baryons, and the

negative in the excess of fi neutrinos over/z antineutrinos).
According to our hypothesis, the occurrence of — asym-

metry is the consequence of violation of CP in variance in the
nonstationary expansion of the hot universe during the su-
perdense stage, as manifest in the difference between the par-
tial probabilities of the charge-conjugate reactions. This ef-
fect has not yet been observed experimentally, but its
existence is theoretically undisputed (the first concrete ex-
ample, I,

 +
 and 2 _ decay, was pointed out by S. Okubo as

early as 1958) and should, in our opinion, have much cosmo-
logical significance.

We assume that the asymmetry has occurred in an ear-
lier stage of the expansion, in which the particle, energy, and
entropy densities, the Hubble constant, and the tempera-
tures were of the order of unity in gravitational units (in
conventional units the particle and energy densities were
n~ 1098 cm"3 and e~ 10114 erg/cm3).

M. A. Markov (see Ref. 3) proposed that during the
early stages there existed particles with maximum mass of
the order of one gravitational unit (M

0
 = 2 x l O ~ 5 g i n ordi-

nary units), and called them maximons. The presence of
such particles leads unavoidably to strong violation of ther-
modynamic equilibrium. We can visualize that neutral spin-
less maximons (or photons) are produced at t < 0 from con-
tracting matter having an excess of antiquarks, that they
pass "one through the other" at the instant t = 0 when the
density is infinite, and decay with an excess of quarks when
t >0, realizing total CPT symmetry of the universe. All the
phenomena at t < 0 are assumed in this hypothesis to be CPT

reflections of the phenomena at t > 0. We note that in the
cold model CPT reflection is impossible and only T and TP

reflections are kinematically possible. TP reflection was con-
sidered by Milne, and T reflection by the author; according
to modern notions, such a reflection is dynamically impossi-
ble because of violation of TP and T invariance.

We regard maximons as particles whose energy per par-
ticle E/n depends implicitly on the average particle density n.

If we assume that e/n~n ~~
1/3, then e/n is proportional to

the interaction energy of two "neighboring" maximons
(£/n)V/3 (cf. the arguments in Ref. 4). Then £~n2/3 and

392 Sov. Phys. Usp. 34 (5), May 1991 0038-5670/91 /050392-02S01.00 © 1991 American Institute of Physics 392
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The origin of the matter–antimatter asymmetry1) of the Universe remains unexplained in 
the SM of particle physics. 

Baryogenesis is the hypothesized physical process taken place in the early 
Universe that has produce the observed imbalance of matter.  
It should verify the Sakharov’s conditions  

I.  Baryon number violation 
II. C (Charge conjugation) and CP (Charge conjugation × Parity) violation 
III. Departure from the thermal equilibrium

Two possibilities to achieve baryogenesis 

Leptogenesis EW baryogenesis 
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Violation of CP in variance, — asymmetry, and baryon asymmetry of the universe
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The theory of the expanding universe, which presup-
poses a superdense initial state of matter, apparently ex-
cludes the possibility of macroscopic separation of matter
from antimatter; it must therefore be assumed that there are
no antimatter bodies in nature, i.e., the universe is asymmet-
rical with respect to the number of particles and antiparticles
(— asymmetry). In particular, the absence of antibaryons
and the proposed absence of baryonic neutrinos implies a
nonzero baryon charge (baryonic asymmetry). We wish to
point out a possible explanation of — asymmetry in the hot
model of the expanding universe (see Ref. 1) by making use
of effects of CPinvariance violation (see Ref. 2). To explain
baryon asymmetry, we propose in addition an approximate
character for the baryon conservation law.

We assume that the baryon and muon conservation
laws are not absolute and should be unified into a "com-
bined" baryon-muon charge n
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 = 3n

B
 — n^. We put

forantimuons/^+ and v^ =
0
'Ô^ = — 1, /IK = +1.

formuons/i. and V
M
 = ̂

‡
'.Ô = +1, Ô

Í
 = -I.

for baryons P and TV: Ô
‚
 = +1, Ô

Í
= +3.

for antibaryons P and N: «B = — 1, Ô
Í
 = —3.

This form of notation is connected with the quark concept;
we ascribe to the/?, n, and À quarks n
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 = + I, and to anti-

quarks, Ë,. = — 1. The theory proposes that under laborato-
ry conditions processes involving violation of Ô

‚
 and Ë‰ play

a negligible role, but they were very important during the
earlier stage of the expansion of the universe.

We assume that the universe is neutral with respect to
the conserved charges (lepton, electric, and combined), but
— asymmetrical during the given instant of its development
(the positive lepton charge is concentrated in the electrons
and the negative lepton charge in the excess of antineutrinos
over the neutrinos; the positive electric charge is concentrat-
ed in the protons and the negative in the electrons; the posi-
tive combined charge is concentrated in the baryons, and the

negative in the excess of fi neutrinos over/z antineutrinos).
According to our hypothesis, the occurrence of — asym-

metry is the consequence of violation of CP in variance in the
nonstationary expansion of the hot universe during the su-
perdense stage, as manifest in the difference between the par-
tial probabilities of the charge-conjugate reactions. This ef-
fect has not yet been observed experimentally, but its
existence is theoretically undisputed (the first concrete ex-
ample, I,

 +
 and 2 _ decay, was pointed out by S. Okubo as

early as 1958) and should, in our opinion, have much cosmo-
logical significance.

We assume that the asymmetry has occurred in an ear-
lier stage of the expansion, in which the particle, energy, and
entropy densities, the Hubble constant, and the tempera-
tures were of the order of unity in gravitational units (in
conventional units the particle and energy densities were
n~ 1098 cm"3 and e~ 10114 erg/cm3).

M. A. Markov (see Ref. 3) proposed that during the
early stages there existed particles with maximum mass of
the order of one gravitational unit (M

0
 = 2 x l O ~ 5 g i n ordi-

nary units), and called them maximons. The presence of
such particles leads unavoidably to strong violation of ther-
modynamic equilibrium. We can visualize that neutral spin-
less maximons (or photons) are produced at t < 0 from con-
tracting matter having an excess of antiquarks, that they
pass "one through the other" at the instant t = 0 when the
density is infinite, and decay with an excess of quarks when
t >0, realizing total CPT symmetry of the universe. All the
phenomena at t < 0 are assumed in this hypothesis to be CPT

reflections of the phenomena at t > 0. We note that in the
cold model CPT reflection is impossible and only T and TP

reflections are kinematically possible. TP reflection was con-
sidered by Milne, and T reflection by the author; according
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We regard maximons as particles whose energy per par-
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EW baryogenesis

33

During a first-order EW phase transition our Universe tunnels from < >=0 (false vacuum) to < >≠0 (true vacuum)  
via Higgs-bubble nucleation. The bubbles expand at near speed of light. 

ϕ ϕ

Particle flow into the expanding bubble wall and CP violation implies that the wall exerts different forces on 
particles and antiparticles ⟹ create a chiral asymmetry ⟹  generate a net baryon asymmetry  
To preserve the baryon asymmetry demands a strong first-order EW phase transition, namely < >c/TC≳1.3 ϕ

< >≠0ϕ
< >=0ϕ

Expansion

“In one slide” 

< >≠0ϕ < >≠0ϕ

< >≠0ϕ < >=0ϕ
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✔ Complex function of the Higgs potential1)  
   ⟹ O(1) modification 

✔ Extra EW-scale scalar(s) coupled to the Higgs boson 
  ⟹ it can be searched through its direct production if kinematically allowed  
  ⟹ it can be searched through its indirect impact on the Higgs boson couplings

1) It is needed because the CP violation in CKM is not sufficient, other mechanisms are possible as modified Yukawa couplings  
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Violent process forming milli-HZ GW  
stochastic background of gravitational radiation 

Bubbles nucleation Bubbles percolation 

⟿⟿
⟿

⟿
⟿⟿

< >≠0ϕ

< >=0ϕ
false vacuum

true vacuum GW

Expansion
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Violent process forming milli-HZ GW  
stochastic background of gravitational radiation 

Bubbles nucleation Bubbles percolation 
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< >≠0ϕ

< >=0ϕ
false vacuum

true vacuum GW

Expansion

LISA will open a new opportunity

Figure 3: Example output of the PTPlot tool. The plot shows an example of the GW power

spectrum from a first-order PT, along with the LISA sensitivity curve (h2⌦Sens(f) taken from the

LISA Science Requirements Document [65]). The parameters of the example model are vw = 0.9,

↵ = 0.1, �/H⇤ = 50, T⇤ = 200 GeV, g⇤ = 100.

years as the mission duration and a duty cycle of 75%, yielding T ' 9.46 ⇥ 107 s which is the

minimal data-taking time guaranteed by the LISA mission requirements [65].

To give a responsive web interface, the SNR values are precomputed as a function of U f and

HnR⇤ at fixed T⇤ and g⇤; note that the SNR contours are necessarily two-dimensional slices

through a higher-dimensional parameter space and this slicing was chosen for consistency with

previous work [8]. In our case, U f and HnR⇤ are calculated from �/H⇤, vw and ↵ using (6),

(11), (22) and the e�ciency factor from the literature [13].

Note that an SNR plot in the U f-HnR⇤ plane was first presented in [20]; it is a natural

choice of parameters, motivated by the results of simulations. Furthermore, contours of the

fluid turnover time HnR⇤/U f are straight lines on this plot; this combination quantifies the

expected importance of turbulence. Regions where the acoustic period will last for a Hubble

time are shaded on these SNR plots. Note that for producing the SNR curves the duration

of the source is taken to be the Hubble time or the fluid turnover time, whichever is shorter,

as the most conservative estimate possible [17, 20].

On the other hand, for an SNR plot in the �/H⇤-↵ plane, which is more practical for

model builders, the input parameters can be plotted directly, but the contours are deformed

by the inverse mapping from U f and HnR⇤ to ↵ and �/H⇤.

Figs. 2 and 3 show three example plots produced by the PTPlot tool. The two plots in

Fig. 2 display the SNR in the Ūf vs R⇤H⇤ and ↵ vs �/H⇤ parameter spaces. Figure 3 shows

the expected GW power spectrum for some example model and the LISA sensitivity curve.

All sensitivity plots presented in Sec. 6 were made with PTPlot.
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LISA sensitivity

GW spectrum for an  
example model astro-ph/1910.13125
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Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first

order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green

point indicates a very-strong first order phase transition with potentially detectable gravitational

wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today

along with the projected sensitivity of eLISA [2].

at T & 200 GeV, and the electroweak symmetry is broken later T . 100 GeV when the singlet vev

becomes positive. Due to the large field excursion and the barrier provided by tree-level potential

terms (ahs�2
h�s and �hs�2

h�
2
s) there is a significant amount of supercooling, and the phase transition

is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,

and the deviation in the hZZ coupling is too small to probe with future Higgs factories. Since the

model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be

viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a

4-dimensional parameter space by assuming a common quartic coupling �. The new charged scalars

contribute to the Higgs diphoton decay width �h!�� and lead to a deviation in the hZZ coupling,

parametrized by �ghZZ . Figure 4 shows the result of a scan over the 4-dimensional parameter

space. In the region of parameter space with a first order phase transition (orange, blue, and

green points), the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced

by more than 20% in the region with a potentially detectable gravitational wave signal (green).

Given current LHC limits (3.2) some of this parameter space is already at tension with the data.

More importantly, the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is

su�cient to test the entire region of parameter space where the phase transition is first order.

18

Phys. Rev. D 94, 075008 (2016)

The SM is extended by a real scalar singlet which is able to mix with the SM 
Higgs boson. The mixing leads to a modification of the HZZ and HHH couplings.  

Absolute modification [%}  
of HZZ coupling

Modification  
of HHH coupling

● first order phase transition
● strong first order phase transition
● very-strong first order phase transition  
    (potentially detectable GW signal)
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Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first

order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green

point indicates a very-strong first order phase transition with potentially detectable gravitational

wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today

along with the projected sensitivity of eLISA [2].

at T & 200 GeV, and the electroweak symmetry is broken later T . 100 GeV when the singlet vev

becomes positive. Due to the large field excursion and the barrier provided by tree-level potential

terms (ahs�2
h�s and �hs�2

h�
2
s) there is a significant amount of supercooling, and the phase transition

is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,

and the deviation in the hZZ coupling is too small to probe with future Higgs factories. Since the

model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be

viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a

4-dimensional parameter space by assuming a common quartic coupling �. The new charged scalars

contribute to the Higgs diphoton decay width �h!�� and lead to a deviation in the hZZ coupling,

parametrized by �ghZZ . Figure 4 shows the result of a scan over the 4-dimensional parameter

space. In the region of parameter space with a first order phase transition (orange, blue, and

green points), the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced

by more than 20% in the region with a potentially detectable gravitational wave signal (green).

Given current LHC limits (3.2) some of this parameter space is already at tension with the data.

More importantly, the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is

su�cient to test the entire region of parameter space where the phase transition is first order.

18

Phys. Rev. D 94, 075008 (2016)

The SM is extended by a real scalar singlet which is able to mix with the SM 
Higgs boson. The mixing leads to a modification of the HZZ and HHH couplings.  

Absolute modification [%}  
of HZZ coupling

Modification  
of HHH coupling

LHC 
LHC excluded

LHC start to exclude a part of the 
phase space  

● first order phase transition
● strong first order phase transition
● very-strong first order phase transition  
    (potentially detectable GW signal)
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Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first

order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green

point indicates a very-strong first order phase transition with potentially detectable gravitational

wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today

along with the projected sensitivity of eLISA [2].

at T & 200 GeV, and the electroweak symmetry is broken later T . 100 GeV when the singlet vev

becomes positive. Due to the large field excursion and the barrier provided by tree-level potential

terms (ahs�2
h�s and �hs�2

h�
2
s) there is a significant amount of supercooling, and the phase transition

is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,

and the deviation in the hZZ coupling is too small to probe with future Higgs factories. Since the

model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be

viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a

4-dimensional parameter space by assuming a common quartic coupling �. The new charged scalars

contribute to the Higgs diphoton decay width �h!�� and lead to a deviation in the hZZ coupling,

parametrized by �ghZZ . Figure 4 shows the result of a scan over the 4-dimensional parameter

space. In the region of parameter space with a first order phase transition (orange, blue, and

green points), the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced

by more than 20% in the region with a potentially detectable gravitational wave signal (green).

Given current LHC limits (3.2) some of this parameter space is already at tension with the data.

More importantly, the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is

su�cient to test the entire region of parameter space where the phase transition is first order.

18

Phys. Rev. D 94, 075008 (2016)

The SM is extended by a real scalar singlet which is able to mix with the SM 
Higgs boson. The mixing leads to a modification of the HZZ and HHH couplings.  

Absolute modification [%}  
of HZZ coupling

Modification  
of HHH coupling

● first order phase transition
● strong first order phase transition
● very-strong first order phase transition  
    (potentially detectable GW signal)

LHC 
LHC excluded

LHC start to exclude a part of the 
phase space  

Allowed after HL-LHC

Discovery region   
after HL-LHC

After HL-LHC a large discovery region 
will be probed and still an allow region 
will remain   
⟹ synergy colliders and GW experiment
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Heavy right-handed neutrinos with Majorana mass terms decay out 
of equilibrium and produce a lepton asymmetry that is converted 
into the observed BAU by (B+L)-violating sphaleron interactions.

M. Fukugita, T. Yanagida  Phys. Lett. B 174 45 (1986)

February 2, 2008 1:35 Proceedings Trim Size: 9in x 6in seesaw25hep

3

with ∆M2
ij = M2

Nj
− M2

Ni
. The factors Sj (Vj) comes from the one-loop

self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T ≃ MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the

Ni

H

ll

Nj

H∗

lk

Ni

H

ll

Nj

H∗

lk

Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.
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Crucial ingredient is CPV in the lepton sector. 
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Heavy right-handed neutrinos with Majorana mass terms decay out 
of equilibrium and produce a lepton asymmetry that is converted 
into the observed BAU by (B+L)-violating sphaleron interactions.

M. Fukugita, T. Yanagida  Phys. Lett. B 174 45 (1986)

February 2, 2008 1:35 Proceedings Trim Size: 9in x 6in seesaw25hep

3

with ∆M2
ij = M2

Nj
− M2

Ni
. The factors Sj (Vj) comes from the one-loop

self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T ≃ MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the
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Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.
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Crucial ingredient is CPV in the lepton sector. 
28 S. Pascoli et al. / Nuclear Physics B 774 (2007) 1–52

Fig. 5. The baryon asymmetry |YB | as a function of the Dirac phase δ varying in the interval δ = [0,2π ] in
the case of Dirac CP-violation, α32 = 0;2π , hierarchical RH neutrinos and NH light neutrino mass spectrum, for
M1 = 5×1011 GeV, real R12 and R13 satisfying |R12|2 +|R13|2 = 1, |R12| = 0.86, |R13| = 0.51, sign(R12R13) = +1,
and for (i) α32 = 0 (κ ′ = +1), s13 = 0.2 (red line) and s13 = 0.1 (dark blue line), (ii) α32 = 2π (κ ′ = − 1), s13 = 0.2
(light blue line).

Fig. 6. The correlation between the rephasing invariant JCP (in blue) and the baryon asymmetry YB when varying the
Dirac phase δ = [0,2π ], in the case of hierarchical RH neutrinos and NH light neutrino mass spectrum and for s13 = 0.2,
α32 = 0(2π), |R12| = 0.86, |R13| = 0.51, sign(R12R13) = +1(− 1) (β23 = 0(π), κ ′ = +1), M1 = 5 × 1011 GeV. The
red region denotes the 2σ allowed range of YB .

The CP-symmetry is broken by the matrix R (β23 = π/2(3π/2)). It is easy to convince one-
self that the expression for the asymmetry |ϵl|, l= e,µ, τ , for β23 = π/2 or 3π/2, α32 = 0(2π)

and δ = 0(π), coincides with the expression for the same asymmetry in the case respectively
of β23 = 0 or π , α32 = π(3π/2) and δ = 0(2π). Although, for β23 = π/2;3π/2 we also have

max(r) ∼= 1.2, the maximum of r corresponds to |R12|2 = (1 −
√

)m2
⊙/

√
)m2

A )− 1 ∼= 1.22,

|R13|2 = |R12|2 − 1 ∼= 0.22. Therefore the wash-out factors m̃l will differ from those in the case
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Observations of (low energy) CP violation in 
neutrino physics and/or Majorana neutrino 
are fundamental tests to establish that (some 
of) the Sakharov conditions for leptogenesis 
are realized in Nature.  

Leptogenis 

42

Heavy right-handed neutrinos with Majorana mass terms decay out 
of equilibrium and produce a lepton asymmetry that is converted 
into the observed BAU by (B+L)-violating sphaleron interactions.

M. Fukugita, T. Yanagida  Phys. Lett. B 174 45 (1986)

February 2, 2008 1:35 Proceedings Trim Size: 9in x 6in seesaw25hep

3

with ∆M2
ij = M2

Nj
− M2

Ni
. The factors Sj (Vj) comes from the one-loop

self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T ≃ MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the
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Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.
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Crucial ingredient is CPV in the lepton sector. 
28 S. Pascoli et al. / Nuclear Physics B 774 (2007) 1–52

Fig. 5. The baryon asymmetry |YB | as a function of the Dirac phase δ varying in the interval δ = [0,2π ] in
the case of Dirac CP-violation, α32 = 0;2π , hierarchical RH neutrinos and NH light neutrino mass spectrum, for
M1 = 5×1011 GeV, real R12 and R13 satisfying |R12|2 +|R13|2 = 1, |R12| = 0.86, |R13| = 0.51, sign(R12R13) = +1,
and for (i) α32 = 0 (κ ′ = +1), s13 = 0.2 (red line) and s13 = 0.1 (dark blue line), (ii) α32 = 2π (κ ′ = − 1), s13 = 0.2
(light blue line).

Fig. 6. The correlation between the rephasing invariant JCP (in blue) and the baryon asymmetry YB when varying the
Dirac phase δ = [0,2π ], in the case of hierarchical RH neutrinos and NH light neutrino mass spectrum and for s13 = 0.2,
α32 = 0(2π), |R12| = 0.86, |R13| = 0.51, sign(R12R13) = +1(− 1) (β23 = 0(π), κ ′ = +1), M1 = 5 × 1011 GeV. The
red region denotes the 2σ allowed range of YB .
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self that the expression for the asymmetry |ϵl|, l= e,µ, τ , for β23 = π/2 or 3π/2, α32 = 0(2π)

and δ = 0(π), coincides with the expression for the same asymmetry in the case respectively
of β23 = 0 or π , α32 = π(3π/2) and δ = 0(2π). Although, for β23 = π/2;3π/2 we also have
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Hyper-Kamiokande experiment  
will be the key player 
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Conclusions

43

A fundamentally different kind of particle, a new player in our team 
probing Nature.  

We have steadily accrued knowledge about this Higgs boson.  
The Higgs boson remains compatible with SM predictions.   

The coming decades are crucial to understand it and make use of it in 
exploring nature.  

Fundamental physics, as we know, was frozen in the very early Universe. 

Particle colliders currently probe the EW symmetry breaking phase transition 
(reheating) which happened after the end of inflation about 10-12s after the Big Bang. 
  
The discovery of the Higgs boson at the LHC has changed our understanding of the 
role of the vacuum in the history of the Universe. 

The nature of the vacuum crucially depends on the existence of the self-coupling of  
the Higgs boson which can be measured at LHC / HL-LHC. 

A fundamental scalar field has been discovered. This connects particle physics to 
the history of matter and interactions in our Universe and invites to revisit BSM 
physics (structure of matter the SM, dark matter, extended neutrino sector, …).
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Higgs boson to invisible decay

45

The expected SM H branching fraction to invisible decay ( ) is 0.12% due to  
Several BSM scenario  anomalous and sizeable values,  is significantly enhanced.

ℬinv H → ZZ* → νν̄νν̄
⇒ ℬinv

In one class of models H decay in a pair of stable WIMPs.  
They represent a simple extension of the SM to provide a Dark 
Matter (DM) candidate and are able to predict the observed relic 
DM density via /-channel  annihilation.χχ → ff̄

H

χ

χ

λHχχ

The solution of the DM problem could be found within the Higgs sector.

Common signature : significant missing transverse momentum from the Higgs boson decay.  
Identify the event : profit of visible particles recoiling against the Higgs boson.
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Interpretations

46

Upper limits on the spin-independent WIMP–nucleon cross section 

Outperforms direct searches experiments for low mDM  
Kinematical threshold  
mWIMP = mDM = mH/2 = 62.5 GeV  
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Figure 13: Upper limits on the spin-independent WIMP–nucleon cross section using Higgs portal interpretations of
Binv at 90% CL vs <WIMP. For the vector-like WIMP hypothesis, the dependence on the mass <2 of the new scalar
particle, which is often predicted by renormalisable models, is shown for three di�erent values covering a wide range
taken from Ref. [149]. For comparison with direct searches for DM, the plot shows results from Refs. [144–146]. The
neutrino floor for coherent elastic neutrino–nucleus scattering is taken from Refs. [151, 152] and assumes germanium
as the target over the whole WIMP mass range. The dependence on the choice of target nucleus is relatively small,
given the large range of cross sections shown.

ranging from 3 · 10�43 cm2 to 1 · 10�45 cm2 are excluded for masses between 1 GeV and 60 GeV. For the
Majorana fermion WIMP interpretation, cross sections exceeding values ranging from 4 · 10�47 cm2 to
7 · 10�45 cm2 are excluded for the same mass range, and for a vector-like WIMP the exclusion limit ranges
from 5 · 10�51 cm2 to 3 · 10�46 cm2. Adding a renormalisable mechanism for generating the vector-like
WIMP masses could modify the above-mentioned correlation substantially [147–149]. Many UV-complete
models predict a new scalar particle that mixes with the Higgs boson. This adds at least two free parameters
to the model, for example its mass <2 and the mixing angle U. The dependence of the exclusion limit for
the vector-like WIMP hypothesis on the mass <2 is shown in Figure 13. The uncertainty band in the plot
uses the latest computation of the nucleon form factors [150]. The overlay shows the complementarity in
coverage by the direct-detection experiments and the searches at colliders, such as the presented analysis.

The results are further interpreted as a search for invisible decays of heavy scalar particles acting as
mediators to dark matter. The considered masses range from 50 GeV to 2 TeV, and the upper limit on the
product of cross section and branching ratio to invisible particles (fVBF

· Binv) is shown in Figure 14. The
derived limits become stronger for heavier mediator masses due to an accumulation of the signal events at
larger values of <jj, where the background yields are smaller. The 95% CL upper limit on f

VBF
· Binv is

1.0 pb at a mediator mass of 50 GeV and strengthens to 0.1 pb for a mediator mass of 2 TeV.

35

For the vectorUV models, the 
dependence on the mass 

m2, new scalar particle

Down in the neutrino floor

arXiv:2202.07953

Phys.Rev.D 105 (2022) 092007
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Coupling vs mass
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Higgs-charm coupling: see A. Marini's talk after the coffee break
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Does the Higgs boson mediate the Yukawa force?

48

It was never seen until LHC Run2 ! 

The Yukawa force is a fundamental interaction 
 as important as fundamental particles

>5σ observation of ttH, H→bb, and H→ττ (3rd generation)  
>3σ evidence of H→μμ (2nd generation)
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Does the Higgs boson mediate the Yukawa force?

47

It was never seen until LHC Run2 ! 

The Yukawa force is a fundamental interaction 
 as important as fundamental particles

>5σ observation of ttH, H→bb, and H→ττ (3rd generation)  
>3σ evidence of H→μμ (2nd generation)

s

u,d

e

νDirac

Relative lightness makes flavour 
puzzle compelling, measurements 
could hold key to flavour puzzle.  
Can we prove Yukawa force for stable 
(u,d,e,ν) matter in our Universe? 


