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The Standard Theory
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 Brout-Englert-Higgs mechanism of spontaneous EW symmetry 
breaking -> Higgs boson 
 CKM and PMNS mixing of flavours 
 CP violation via phase factors 
 Confinement of quarks and gluons inside hadrons 
 Baryon and lepton number conservation 
 CPT invariance -> existence of antimatter

2



The Standard Theory
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 Brout-Englert-Higgs mechanism of spontaneous EW symmetry 
breaking -> Higgs boson 
 CKM and PMNS mixing of flavours 
 CP violation via phase factors 
 Confinement of quarks and gluons inside hadrons 
 Baryon and lepton number conservation 
 CPT invariance -> existence of antimatter

The ST principles allow: 
Extra families of quarks and leptons  
Presence or absence of right-handed neutrino 
Majorana or Dirac nature of neutrino 
Extra Higgs bosons

2



The Standard Theory
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 Brout-Englert-Higgs mechanism of spontaneous EW symmetry 
breaking -> Higgs boson 
 CKM and PMNS mixing of flavours 
 CP violation via phase factors 
 Confinement of quarks and gluons inside hadrons 
 Baryon and lepton number conservation 
 CPT invariance -> existence of antimatter

The ST principles allow: 
Extra families of quarks and leptons  
Presence or absence of right-handed neutrino 
Majorana or Dirac nature of neutrino 
Extra Higgs bosons

Seems to be excluded by exp

2



The Standard Theory
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 Brout-Englert-Higgs mechanism of spontaneous EW symmetry 
breaking -> Higgs boson 
 CKM and PMNS mixing of flavours 
 CP violation via phase factors 
 Confinement of quarks and gluons inside hadrons 
 Baryon and lepton number conservation 
 CPT invariance -> existence of antimatter

The ST principles allow: 
Extra families of quarks and leptons  
Presence or absence of right-handed neutrino 
Majorana or Dirac nature of neutrino 
Extra Higgs bosons

Seems to be excluded by exp

Still unclear
Still unclear
Still unclear

2



Main questions to the ST
 Is it self consistent ? 
 Does it describe all experimental data? 
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 Is there another scale except for EW and Planck? 
 Is it compatible with Cosmology?
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Is the SM consistent quantum field theory?
 The running couplings possess the Landau ghost poles at high energies
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problem and inconsistency of a theory

4



Is the SM consistent quantum field theory?
 The running couplings possess the Landau ghost poles at high energies

50 100 150 200
Log E

-50

50

aHEL

• The ghost pole exist for the U(1) 
coupling and for the  Higgs coupling,  
but … beyond the Planck scale

• The Landau pole has a wrong sign 
residue that indicates the presence of 
unphysical ghost fields - intrinsic 
problem and inconsistency of a theory

This is the ghost pole

↵1(Q
2
) =

↵10

1� 41
10

↵10
4⇡ log(Q2/M2

z )
Q⇤ = MZe

20⇡
41↵10 ⇠ 1041 GeV

4



Is the SM consistent quantum field theory?
 The running couplings possess the Landau ghost poles at high energies

50 100 150 200
Log E

-50

50

aHEL

• The ghost pole exist for the U(1) 
coupling and for the  Higgs coupling,  
but … beyond the Planck scale

• The situation may change in GUTs due 
to new heavy fields @ the GUT scale

• The Landau pole has a wrong sign 
residue that indicates the presence of 
unphysical ghost fields - intrinsic 
problem and inconsistency of a theory

This is the ghost pole

↵1(Q
2
) =

↵10

1� 41
10

↵10
4⇡ log(Q2/M2

z )
Q⇤ = MZe

20⇡
41↵10 ⇠ 1041 GeV

4



Is the SM consistent quantum field theory?
 The running couplings possess the Landau ghost poles at high energies

50 100 150 200
Log E

-50

50

aHEL

• The ghost pole exist for the U(1) 
coupling and for the  Higgs coupling,  
but … beyond the Planck scale

• The situation may change in GUTs due 
to new heavy fields @ the GUT scale

• requires modification of the ST at 
VERY high energies

• The Landau pole has a wrong sign 
residue that indicates the presence of 
unphysical ghost fields - intrinsic 
problem and inconsistency of a theory

This is the ghost pole

↵1(Q
2
) =

↵10

1� 41
10

↵10
4⇡ log(Q2/M2

z )
Q⇤ = MZe

20⇡
41↵10 ⇠ 1041 GeV

4



Is the SM consistent quantum field theory?
 Quantum anomalies may ruin the ST if not cancelled among quarks and leptons 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2
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We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7
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� 0.5

✓

↵s(MZ)� 0.1184

0.0007
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± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4
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Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007
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± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

Several Higgs fields with several Higgs-like 
couplings  push the smallest coupling up  
(might have also several minima)
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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the whole construction of the SM may be in 
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We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

Several Higgs fields with several Higgs-like 
couplings  push the smallest coupling up  
(might have also several minima)

In a unified theory the Higgs coupling might 
be attracted by the gauge coupling and 
stabilize the potential
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Does the ST describes all experimental data? 
 EW observables pool

• Forward-backward asymmetries in LEP data - 
ignored problem 

• g-2 of muon - the main pain in the neck  -3 σ gap 

• Vub inclusive-exclusive discrepancy

• strong CP problem: axion field ? 

• rare decays: fine so far 

• spin crisis in QCD: parton distributions? 

• neutrino masses and mixings: looks OK 
     but still  needs to be clarified

8

VERY impressive progress in EW 

and QCD perturbative calculations  

 Flavour Physics observ



Physics with a single generation
 Back to the middle of the XX century 

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

e
1897

p

n

9

1932

1919



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

u

d e
1897

𝜈e
1956

𝛾

p

n

9

1932

1919



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

u

d e
1897

𝜈e
1956

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

p
p
n

n

p

n

9

1932

1919
Proton



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

u

d e
1897

𝜈e
1956

• Who expected new physics to come?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

p
p
n

n

p

n

9

1932

1919
Proton



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

u

d e
1897

𝜈e
1956

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

p
p
n

n

p

n

9

1932

1919
Proton



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

u

d e
1897

𝜈 𝜈e

𝜇

𝜇
1956 1963

1936

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

p
p
n

n

p

n

9

1932

1919
Proton



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

u

d e
1897

𝜈 𝜈e

𝜇

𝜇
1956 1963

1936

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

p
p
n

n

p

n

9

1932

1919
Proton



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

u

d e
1897

𝜈 𝜈e

𝜇

𝜇

1947
s

1956 1963

1936

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

u

d e
1897

𝜈 𝜈e

𝜇

𝜇

1947
s

c
1974 1956 1963

1936

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈 𝜈e

𝜇

𝜇

1947
s

c
1974 1956 1963

1936

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈

𝜏

𝜈 𝜈e

𝜇

𝜇 𝜏

1947
s

c

b

t
1974

1977

1995 1956 1963

1936

2000

1975

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈

𝜏

𝜈 𝜈e

𝜇

𝜇 𝜏

1947
s

c

b

t
1974

1977

1995 1956 1963

1936

2000

1975

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾 W,Z
1983

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈

𝜏

𝜈 𝜈e

𝜇

𝜇 𝜏

1947
s

c

b

t
1974

1977

1995 1956 1963

1936

2000

1975

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾 W,Z H
20121983

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈

𝜏

𝜈 𝜈e

𝜇

𝜇 𝜏

1947
s

c

b

t
1974

1977

1995 1956 1963

1936

2000

1975

• Who expected new physics to come?

• What scale of NP?

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾 W,Z H G
20121983

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈

𝜏

𝜈 𝜈e

𝜇

𝜇 𝜏

1947
s

c

b

t
1974

1977

1995 1956 1963

1936

2000

1975

• Who expected new physics to come?

• What scale of NP?

Astrophysics & Cosmology challenge

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾 W,Z H G
20121983

9



Physics with a single generation

 All the world around us is made of the 1st generation 

 Back to the middle of the XX century 

• Baryon asymmetry of the Universe 
• Description of the Dark Matter

• Muon - heavy electron - 2nd generation ?

• K-meson - strangeness ?  

• Quark model (OK again?)           

• GIM Mechanism, J/Psi - charm -2nd 
generation

• CP-violation: where it comes from?

u

d e
1897

𝜈

𝜏

𝜈 𝜈e

𝜇

𝜇 𝜏

1947
s

c

b

t
1974

1977

1995 1956 1963

1936

2000

1975

• Who expected new physics to come?

• What scale of NP?

Astrophysics & Cosmology challenge

The Structure of Atom 

Electron 

Neutron 

Nucleus 

Atom 

Quark 

Electron 

Proton 

𝛾 W,Z H G
20121983

9



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck s
cale ~ 10   G

eV
19

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

GUT sc
ale ~ 10    G

eV
16

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

GUT sc
ale ~ 10    G

eV
16

Majorana sc
ale ~ 10    G

eV
12

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

GUT sc
ale ~ 10    G

eV
16

Majorana sc
ale ~ 10    G

eV
12

Vacuum Stab ~ 10  G
eV

11

Planck

10



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

GUT sc
ale ~ 10    G

eV
16

Majorana sc
ale ~ 10    G

eV
12

Vacuum Stab ~ 10  G
eV

11

Planck

10

?



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

SUSY
?

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

GUT sc
ale ~ 10    G

eV
16

Majorana sc
ale ~ 10    G

eV
12

Vacuum Stab ~ 10  G
eV

11

Planck

10

?



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           48

A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 

SUSY
?

EW

⇤QCD

Planck s
cale ~ 10   G

eV

Strin
g sc

ale ~ 10    G
eV 19

18

GUT sc
ale ~ 10    G

eV
16

Majorana sc
ale ~ 10    G

eV
12

Vacuum Stab ~ 10  G
eV

11

?

Planck

10

?



Is it compatible with Cosmology? 

Astrophysics & Cosmology challenge

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

OM = 4.9%, DM = 26.8%, DE = 68.3%

• Relic abundance of the Dark Matter

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

OM = 4.9%, DM = 26.8%, DE = 68.3% • Understanding is beyond the SM 
• Relic abundance of the Dark Matter

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

OM = 4.9%, DM = 26.8%, DE = 68.3% • Understanding is beyond the SM 

• Number of neutrinos

• Relic abundance of the Dark Matter

Neff = 3.52± 0.47 95% CL

Planck +WP + highL+BAO +HST

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

OM = 4.9%, DM = 26.8%, DE = 68.3% • Understanding is beyond the SM 

• Well suits the SM  
                q <-> l

• Number of neutrinos

• Relic abundance of the Dark Matter

Neff = 3.52± 0.47 95% CL

Planck +WP + highL+BAO +HST

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

OM = 4.9%, DM = 26.8%, DE = 68.3% • Understanding is beyond the SM 

⌃m⌫ [eV ] < 1.11(0.22)

Planck +WP + lensing +HST

• Well suits the SM  
                q <-> l

• Number of neutrinos

• Relic abundance of the Dark Matter

• Masses of neutrinos

Neff = 3.52± 0.47 95% CL

Planck +WP + highL+BAO +HST

11



Is it compatible with Cosmology? 

• Baryon asymmetry of the Universe

Astrophysics & Cosmology challenge

• still not explained   
• requires larger CP than in the SM /

N(B)�N(B̄)

N�
⇠ (6.19± 0.14)⇥ 10�10

OM = 4.9%, DM = 26.8%, DE = 68.3% • Understanding is beyond the SM 

⌃m⌫ [eV ] < 1.11(0.22)

Planck +WP + lensing +HST

• Well suits the SM  
                q <-> l

• Probably a hint 
towards new physics 

• Number of neutrinos

• Relic abundance of the Dark Matter

• Masses of neutrinos

Neff = 3.52± 0.47 95% CL

Planck +WP + highL+BAO +HST

11



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

12



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

Time to come back?

12



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

• How confinement actually works? 
• Why colourless states? 
• Which bound states exist in Nature? 

Time to come back?

12



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

• How confinement actually works? 
• Why colourless states? 
• Which bound states exist in Nature? 

? ?

? ? ?

Time to come back?

12



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

• How confinement actually works? 
• Why colourless states? 
• Which bound states exist in Nature? 

? ?

? ? ?

Time to come back?

12



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

• How confinement actually works? 
• Why colourless states? 
• Which bound states exist in Nature? 

? ?

? ? ?

Time to come back?

12

Unequivocally discovered at last? 



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

• How confinement actually works? 
• Why colourless states? 
• Which bound states exist in Nature? 

? ?

? ? ? • Lattice gauge theories 

• Holographic approach

Time to come back?

12

Unequivocally discovered at last? 



Do we understand confinement? 
Challenging problem in particle physics well inside the SM 

• How confinement actually works? 
• Why colourless states? 
• Which bound states exist in Nature? 

? ?

? ? ? • Lattice gauge theories 

• Holographic approach

Time to come back?

• Gauge theories in dual description 

• Back to analyticity & unitarity ?
12

Unequivocally discovered at last? 
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•  Probe deviations from the 
SM Higgs couplings
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume

�
tot

=
X

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is

�
tot

 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume
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�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is
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 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume
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=
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obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is

�
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 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume
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tot

=
X

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is

�
tot

 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume
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tot

=
X

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is
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tot

 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.
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The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g
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t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
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Schematically, the total width is
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This results in a precision of about 10% [20] on the total
width at LC250.
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The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]
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CMSSM NMSSM
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Figure 1: (a): The CMSSM excluded region at 95% C.L. from all constraints in Table 1.
The solid (white) line corresponds to the 95% C.L. exclusion contour obtained by a Higgs
boson of 126 GeV and the dotted (white) line by the combination of a Higgs boson and the
relic density constraint. (b): The NMSSM excluded region at 95% C.L. from LHC SUSY
searches at 8 TeV and 20.1 fb�1. The other constraints from Table 1 do not influence
the excluded region. The extrapolation of these searches to 14 TeV and 3000 fb�1 is
represented by the dotted (red) line in the top corner. The grey regions are excluded in
constrained models.

in Fig. 1a shows the 95% C.L. exclusion region for the combination of all
constraints in the CMSSM, where the Higgs mass constraint combined with
the constraints from Table 1 requires stop masses in the multi-TeV range.
The solid (white) line corresponds to the 95% exclusion contour in case only
the Higgs mass constraint is considered, while the combination with the relic
density constraint results in the dotted (white) line. The red region in Fig.
1b corresponds to the 95% C.L. exclusion region in the NMSSM, which comes
from the LHC SUSY searches at a center-of-mass energy of 8 TeV and an
integrated luminosity of 20.1 fb�1. Other constraints of Table 1 do not play
a role, since stop masses below 1 TeV are allowed and B-physics constraints
are automatically fulfilled because of small tan � values. The dotted (red)
line in the top right corner represents the extrapolation of the SUSY searches
to 14 TeV and 3000 fb�1, which will be discussed in more detail in section
3.2. In the following, we will concentrate on the neutralino masses in the
allowed region of parameter space.

Since we use GUT scale input parameter, the mass spectrum at low scale
is calculated via the renormalization group equations, so the masses are cor-
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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�
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6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
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four real components hâ:
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�
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�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].
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of the strong dynamics [27–32], see also [33]. Consider for example the general case
in which the strongly interacting sector has a global symmetry G dynamically broken
to H1 at the scale f (the analog of the pion decay constant f⇡), and the subgroup
H0 ⇢ G is gauged by external vector bosons, see Fig. 5. The global symmetry breaking
G ! H1 implies n = dim(G) � dim(H1) Goldstone bosons, n0 = dim(H0) � dim(H) of
which are eaten to give mass to as many vector bosons, so that H = H1 \ H0 is the
unbroken gauge group, see Fig. 6. The remaining n�n0 are pseudo Nambu-Goldstone
bosons. In this picture the SM fields, both gauge bosons and fermions, are assumed to
be external to the strong sector, and in this sense we will refer to them as ‘elementary’,
as opposed to the composite nature of the resonances of the strong dynamics. The
SM gauge fields, in particular, are among the vector bosons associated to gauge group
H0. For simplicity, in the following we will identify H0 with the SM electroweak group,
H0 = GSM ⌘ SU(2)L ⇥ U(1)Y , so that the SM vectors are the only elementary gauge
fields coupled to the strong sector.

In order to have a composite pNG Higgs boson one has to require two conditions:

1. The SM electroweak group GSM must be embeddable in the unbroken subgroup
H1:

G ! H1 � GSM

2. G/H1 contains at least one SU(2)L doublet, to be identified with the Higgs dou-
blet.

If the above two conditions are realized, at tree level GSM is unbroken and the Higgs
doublet is one of the pNG bosons living on the coset G/H1. Its potential vanishes at
tree level as a consequence of the non-linear Goldstone symmetry acting on it. On
the other hand, the global symmetry G is explicitly broken by the couplings of the SM
fields to the strong sector, as they will be invariant under GSM but not in general under
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G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)

where T â are the SO(5)/SO(4) generators. Using the basis of SO(5) generators given
in the Appendix, one can easily compute the explicit expression of ⌃ in terms of its
four real components hâ:

⌃ =
sin(h/f)

h

�
h1, h2, h3, h4, h cot(h/f)

�
, h ⌘

p
(hâ)2 . (41)

6For an analysis of the less minimal coset SO(6)/SO(5) see Ref.[36].

20

G. Loops of SM fermions and gauge bosons thus generate a Higgs potential, which in
turn can break the electroweak symmetry. In this context the electroweak scale v is
dynamically determined and can be smaller than the sigma-model scale f , di↵erently
from Technicolor theories where no separation of scale exists. The ratio ⇠ = (v/f)2 is
determined by the orientation of GSM with respect to H in the true vacuum (degree
of misalignment), and sets the size of the parametric suppression in all corrections to
the precision observables. By naive dimensional analysis, indeed, the mass scale of the
resonances of the strong sector is m⇢ ⇠ g⇢f , with 1 . g⇢ . 4⇡. The Higgs instead gets
a much lighter mass at one-loop, mh ⇠ gSMv where gSM . 1 is a generic SM coupling.
The limit f ! 1 (⇠ ! 0) with fixed v is thus a decoupling limit where the Higgs stays
light and all the other resonances become infinitely heavy.

Let us explain in detail all the above points by considering an explicit example.

3.1 An SO(5)/SO(4) example

Let us consider the case in which the strongly interacting sector has a global symmetry
G = SO(5) ⇥ U(1)X broken down to H1 = SO(4) ⇥ U(1)X [34, 35]. 6 In section 4
we will provide an explicit example of dynamics that leads to this pattern of global
symmetries. As shown in the Appendix, SO(4) is isomorphic to (that is: it has the
same Lie algebra of) SU(2)L ⇥ SU(2)R. The SM electroweak group SU(2)L ⇥ U(1)Y
can be thus embedded into SO(4) ⇥ U(1)X ⇠ SU(2)L ⇥ SU(2)R ⇥ U(1)X , so that
hypercharge is realized as Y = T 3R +X. The coset SO(5)/SO(4) implies four real NG
bosons transforming as a fundamental of SO(4), or equivalently as a complex doublet
H of SU(2)L. The doublet H is the composite Higgs. Under an SU(2)R rotation it
mixes with its conjugate Hc = i�2H⇤, so that (H, Hc) transforms as a bidoublet (2, 2)
representation of SU(2)L ⇥ SU(2)R.

Let us derive the e↵ective action that describes the composite Higgs and the SM
elementary fields. As our final goal is to compute the Higgs potential generated at one-
loop by the virtual exchange of SM fields, we will integrate out the strong dynamics
encoding its e↵ects into form factors and keep terms up to quadratic order in the SM
fields. The four NG bosons living on the coset SO(5)/SO(4) can be parametrized in
terms of the linear field ⌃,

⌃(x) = ⌃0e
⇧(x)/f

⌃0 = (0, 0, 0, 0, 1)

⇧(x) = �iT âhâ(x)
p

2 ,
(40)
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Target #1: Higgs sector

Target #2: Dark Matter

Target #3: New physics (supersymmetry) 

Future development of HEP crucially depends on LHC outcome 

Complimentary searches for dark matter and insights in neutrino 
physics are of extreme importance

The areas that were left behind come to the front:            
confinement, exotic hadrons, dense hadron matter

I bet th
at disco

veries w
ill co

me!


