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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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What can we expect to discover?



Before LHC7/8

Susy is right around  
the corner 

Dark matter is a WIMP 
and we’ll produce it at LHC

Extra-dimensions will 
manifest itself through KK-states

We’ll have a portal 
to hidden sectors

We’ll see non-SM CP and  
flavor violation

theorists’ statements



Higgs

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:

mass (GeV)
1 2 3 4 5 10 20 100 200

1/
2

 o
r (

g/
2v

)
�

-210

-110

1
W Z

t

b

�

68% CL
95% CL
68% CL
95% CL

CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM

�� / m�

v
, �2

V ⌘ gV V h

2v
/ m2

V

v2

co
up
lin
g

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:

mass (GeV)
1 2 3 4 5 10 20 100 200

1/
2

 o
r (

g/
2v

)
�

-210

-110

1
W Z

t

b

�

68% CL
95% CL
68% CL
95% CL

CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM

�� / m�

v
, �2

V ⌘ gV V h

2v
/ m2

V

v2

co
up
lin
g

10

  V�
0 0.5 1 1.5

f�

-2

-1

0

1

2

95% C.L.

b b�H 

� � �H 

 ZZ�H 

 W
W

�
H 

� � 
�H 

CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM Higgs Fermiophobic Bkg. only

“It looks like a doublet”
overall compatible w/ SMRelated to EWSB



Good time for BSM?
• Fundamental scalars abound (Higgs, inflation) 

• Are we done?

DM is an axion? Susy at 100 TeV?



Why still expect new 
physics at the LHC?



Fermi theory
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o Weak interactions are gauge interactions ⇒ symmetry

o Weak interactions are short range ⇒ symmetry broken

MZ

LEP



SM without the Higgs

Effective Standard Model
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New physics to show 	
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Pre-LHC : unitarity problem => 
safe path towards new discoveries
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Post-LHC Higgs discovery => 
no clear experimentally-driven scale of new physics
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SM-like Higgs
What if it couples only approximately like the SM?

⇤ ⇡ 4⇡v �! 4⇡vp
1� a2

WLWL -> WLWL   

fully unitarized?



⇤ ⇡ 4⇡v �! 4⇡vp
1� a2

Even if we measure          ,  current limits do not 
guarantee new physics in reach of LHC. 

a < 1

Example: composite pseudo-Goldstone Higgs:  
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Where is the next scale?
• 13/14 TeV enough to reveal fundamental physics? 

• First time in history without nearby new scale: all 
couplings dimensionless (marginal) or of positive 
mass dimension (relevant)  

• Remaining hopes? 

• Landau pole of hyper charge U(1)Y  

• Gravity scale (MPlanck)



Hyper-charge is not asymptotically free, will blow up 
at (very) high energies — Landau Pole
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Gravity
• Strong coupling problem, e.g. graviton-graviton 

scattering  

Gravity

Including gravity in the Standard Model allows for 
graviton-graviton scattering which has a big unitarity 

problem at high energies.

Mpl � 1019 GeV� � En

Mn+2
pl

(galactic core)
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Open questions of the SM



The SM is incomplete
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
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millielectron-volts.

Origin of SM flavor and mass hierarchies?

SM matter Dark matter? Fine-tuning?

Unity of forces?
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Quark and Lepton  
mass hierarchy



Masses on a Log-scale
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SM quark masses: mostly small & hierarchical. 
Origin of this structure?	

!

Compare to:   gs ~1,  g ~ 0.6,  g’ ~ 0.3,  λHiggs ~ 1
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Analog to mysterious spectral lines before QM	
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Explained by Bohr	

!

!

Is there an analogue to the Bohr atom, we might 
discover at the LHC?	
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Flavor dynamics @ 
LHC ?!

!

Possible, but … 	

!

1) Lack of scale	

!

!

!

!

2) Very strong constraints from flavor physics: 	

Generic flavor dynamics >> 100 TeV	


L
flavor

= [Y U ]ij Q̄iHcuj + . . .

dim            0 +   3/2+1+3/2 = 4

TeV? 103 TeV? 1016 GeV?

→ Jernej’s lecture
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Higgs	

potential



Top as a destabilizing 
agent
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RGE scale 
in GeVN.B.: we cannot 

trust the estimate 
of the tunneling 
rate too close 
to MPl

cf Elias-Miro et al. '12  
Degrassi et al. '12  
Buttazzo et al. '12 

SM vacuum is unstable but sufficiently long-lived, 	

(depends on mtop, mHiggs)	


Unlikely the full story,	

assumes nothing but 
SM up to the Planck 
scale … 	


Planck	
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If metastable: How did we end up in the 
energetically disfavoured vacuum?

You are here?!
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FIG. 3: Schematic of the effective potential Veff as a function
of the Higgs field h. This is not drawn to scale; for a Higgs
mass in the range indicated by LHC data, the heirarchy is
vEW ≪ E∗

≪ MPl, where each of these 3 energy scales is
separated by several orders of magnitude.

in Fig. 3. The plot is not drawn to scale; the 3 energy
scales satisfy the hierarchy vEW ≪ E∗ ≪ MPl for a Higgs
mass as indicated by LHC data mH ∼ 125 − 126GeV.
Note that the local maximum in the potential occurs at
a field value that is necessarily very close to E∗ (only
slightly smaller) and so we shall discuss these 2 field val-
ues interchangeably.
In this situation, the electroweak vacuum is only meta-

stable. Its quantum mechanical tunneling rate can be es-
timated by Euclideanizing the action and computing the
associated bounce action S0. This leads to the following
probability of decaying in time TU through a bubble of
size R [13]

p ∼ (TU/R)4e−S0. (6)

The computation of the rate is rather involved, and we
shall not pursue the details here. Suffice to say that for
the central values of Higgs mass and top mass from LHC
data, it is found that the lifetime of the electroweak vac-
uum is longer than the present age of the universe [14, 15].
It is conceivable that it is an acceptable situation for

the electroweak vacuum to be meta-stable. However, here
we would like to present an argument that such a situ-
ation is statistically disfavorable. We imagine that in
the very early universe, the Higgs field was randomly

distributed in space. For instance, during cosmological
inflation the Higgs field could have been frozen at some
value as the universe rapidly expands (if high scale in-
flation) until after inflation when the field will oscillate
and its initial value could plausibly have been random
and uniformly distributed. If this is the case, then what
is the probability that the Higgs field began in the meta-
stable region h ! E∗, rather than the unstable region
h " E∗? The answer depends on the allowed domain the
Higgs can explore. Here we estimate the allowed domain
to be Planckian, i.e., 0 < h < MPl, but our argument
only depends on the upper value being much larger than
E∗. Naively, this would lead to a probability ∼ E∗/MPl,
however we should recall that the Higgs is a complex
doublet, composed of 4 real scalars, and each one would
need to satisfy h ! E∗ in the early universe to be in the
meta-stable region. Hence, we estimate the probability
as

Prob (Higgs begins in meta-stable region) ∼
(

E∗

MPl

)4

.

(7)
For instance, for mH ≈ 125.5GeV and mt = 173.1GeV,
we have E∗ ∼ 1011 GeV, leading to a probability ∼
(1011 GeV/1019GeV)4 = 10−32, which indicates that the
chance of randomly landing in the meta-stable region in
the early universe is exceedingly unlikely. Instead it is
far more likely to land in the unstable region indicated
in Fig. 3. Here the effective potential is negative leading
to a catastrophic runaway instability, perhaps to a new
VEV that is close to Planckian. This would in turn lead
to a plethora of problems for the formation of complex
structures, etc, so we can safely assume such a regime is
uninhabitable and irrelevant. This leads us to examine
a scenario in which new physics enters and removes this
problem.

IV. PECCEI-QUINN DYNAMICS AND
DISTRIBUTION

One of the phenomenological reasons for new physics
beyond the Standard Model is the fine tuning of the CP
violating term in the QCD Lagrangian. The following
dimension 4 operator is gauge invariant and Lorentz in-
variant and should be included in the QCD Lagrangian
with a dimensionless coefficient θ

∆L =
θ

32π2
ϵµναβF a

µνF
a
αβ . (8)

From bounds on the electric dipole moment of the neu-
tron, this term is experimentally constrained to satisfy

v
|�|

Ve↵
Universe is overwhelmingly  

likely to evolve to wrong 
minimum

Fine-tuning of initial!
conditions?

⇠ ⇤instability/MPlanck

For ⇤instability ⇠ 1010 GeV ! 10�8
tuning

⇤instability



V (�) = �µ2|�|2 + �|�|4
Higgs potential

quantum fluctuations  
 destabilise Higgs mass^2 



Effective Field Theory
An approximate field theory which works up to 
a certain energy scale (  ), using only degrees of 
freedom with             .	

!

Example: QED (      ), for E << MW	

!

Is the SM an EFT? 	

!

Yes! Breaks down latest at the gravity scale 

(details unknown).	


e, �

⇤

m ⌧ ⇤



Principle: UV insensitivity
Naturalness : absence of special conspiracies 
between phenomena occurring at very different 
length scales.  

Planets do not care 	

about QED.	

!

QED at E ~ me does not care 	

about the Higgs.



Hierarchy problem
• Higgs mass sensitive to thresholds (GUT, gravity)	


• Enormous quantum corrections  
exceed Higgs mass physical value, need to fine-
tune parameters 
 
 
 
 
 
 
 
 

See e.g. G. Giudice: 1307.7879

O(highest scale)Scalar (Higgs) mass in quantum 
theory

- Renormalization
mh2 (physical) = m02 + c Λ2 

- Counter term m02 can always be adjusted to give 
correct mh2 (physical).

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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Λ:  cut-off,  limit of validity of theory
scale at which new physics enters
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m2
h(physical) = m2

h(bare) +
X

i

ai⇤
2

+ +x

bare

+

http://arxiv.org/pdf/1307.7879v2.pdf


GeV2
⇤ = 1TeV



GeV2⇤ = 10TeV



Comments
• The ‘cancelation of divergencies’ is not the 

question	


• Rather: parameters in the effective theory 
are strongly sensitive to fundamental ones 
 

Naturalness
Not a question of “canceling UV divergences...”

Dependence of effective parameters on
(more) fundamental ones

LSM = �m2
HH†H + · · ·

invariant under all symmetries*H†H

*Except supersymmetry

⇒             scale of new physicsmH �

E.g. grand unification:

H

X

H
⇥ �m2

H �
g2
GUT

16�2
M2

X � (1015 GeV)2

e.g. GUT
M2

X
!

• The hierarchy problem needs a ‘hierarchy 
of scales’. The SM alone (no gravity, nothing 
else) if fine → no hierarchy, no problem! 



Only the SM?

What if there is only the SM ?

31

We seem to live near 
a critical condition

G. Degrassi et al.  JHEP 1208 (2012) 098
G. Giudice and A. Strumia

! 

mH
2

0 

Broken EW Unbroken EW 

SM 

Why is nature so close to the critical line? 

! 

V H( ) = "mH
2 H 2

+ # H 4

Symmetry?     
•  Supersymmetry:  mH

2 = 0, ! = g2!
•  Goldstone boson: mH

2 = ! = 0"
Do we live near a critical condition because of 

dynamics or because of statistics in the multiverse?  

2. Criticality as an attractor  
(multiverse but not anthropic arguments) 

The Planck-EW hierarchy itself 
is a problem of criticality

G. Giudice, R. Rattazzi, NPB 757 (2006) 19

What if there is only the SM ?

31

We seem to live near 
a critical condition

G. Degrassi et al.  JHEP 1208 (2012) 098
G. Giudice and A. Strumia

! 

mH
2

0 

Broken EW Unbroken EW 

SM 

Why is nature so close to the critical line? 

! 

V H( ) = "mH
2 H 2

+ # H 4

Symmetry?     
•  Supersymmetry:  mH

2 = 0, ! = g2!
•  Goldstone boson: mH

2 = ! = 0"
Do we live near a critical condition because of 

dynamics or because of statistics in the multiverse?  

2. Criticality as an attractor  
(multiverse but not anthropic arguments) 

The Planck-EW hierarchy itself 
is a problem of criticality

G. Giudice, R. Rattazzi, NPB 757 (2006) 19

We seem to be living close to a critical condition, 
 similar to Planck-Weak hierarchy … 

Giudice, Rattazzi, ‘Self-organized criticality’ 



Fine-tuning not an inconsistency of physics since we	

can always cancel bare vs. quantum. However, 	

it might help us understand where new physics 	

could set in.	


→ history 



Example: Electron Mass
Ex1 : divergent self energy of electric field	

!

!

!

!

!

!

!

Another example: electron mass

- Linearly divergent. 

- Need new physics below Λ~ α-1 me 

E⃗ Z

r=⇤�1

d3r ~E2 ' ↵⇤

Classically:

Monday, August 6, 12

vs. me

New physics expected	

at 

⇤ ⇠ me/↵

~E ⇠ ~n/r2 Coulomb



New physics: the positron

- Extension of spacetime symmetry: 
Lorentz symmetry + quantum mechanics          
⇒ positron, doubling the spectrum! 

- Log divergence (very mild).

- Proportional to me .  

e−

e+
γ e−

�me '
↵

⇡
me log

✓
⇤

me

◆

Monday, August 6, 12

Electron Mass
Ex1 : divergent energy of electric field	

!

!

!

!

!

!

!

Z

r=⇤�1

d3r ~E2 ' ↵⇤

Classically:
Extend space-time symmetry, 	

relativity + QM: predict positron

+positron

→ natural electron mass.



Ex2 Neutral-charged pion mass difference	

!

�m2

⇡+ ⇠ 3↵

4⇡
⇤2 < (m2

⇡+ �m2

⇡0)
exp

⇡ (4MeV)2

Another example: Pion mass

! ⇤ < 850MeV

Using the above expression of ⇧LR, the integral appearing in the pion potential gives
Z 1

0

dQ2 ⇧LR(Q2) = f 2
⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (87)

For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1i = h⇡2i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2  1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets

m2
⇡± � m2

⇡0
' 3 ↵em

4⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.

30

Using the above expression of ⇧LR, the integral appearing in the pion potential gives
Z 1

0

dQ2 ⇧LR(Q2) = f 2
⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (87)

For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1i = h⇡2i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2  1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets

m2
⇡± � m2

⇡0
' 3 ↵em

4⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.

30

!

Das et al ‘67

+

‘New physics’: comes in at m⇢ = 770MeV

⇢, a1

Expect



Famous naturalness disaster

• We don’t understand the cosmological 
constant

S =
1

16⇡G

Z
d

4
x

p
�g (R� ⇤0)

CC = ⇤0 ⇡ (10�3 eV)4

�⇤0 ⇡ ⇤4 → new physics at               or	

~ few mm !?!	


10�3 eV



Supersymmetry	

(new space-time	

symmetry)

Composite Higgs

Multiverse

anthropic principle?



Supersymmetry	

(new space-time	

symmetry)

Composite Higgs

-> Yael’s lectures



Strong EWSB 
(Composite Higgs)

QCD Higgs as a pGB



Why is the Higgs light?

m2
h

⇠ �2

16⇥2
�2

comp

�⌧ 4⇡

25

The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so 
much lighter than the cutoff scale ?

Q:

A #3:   Higgs as a composite NG boson  (combines #1 and #2)

Loops of pure composites 
vanish due to NG symmetry

= 0

NG symmetry broken by 
elementary-composite couplings: 

No pure composite effects due to 
Goldstone symmetry	


Shift symmetry broken by 	

elementary-composite couplings:	


Kaplan;  Agashe et. al

Inspired by QCD: (pseudo) scalar pion is the lightest state	

!
Shift symmetry…                            	

!

                  … protects its mass.	

!
Interactions are perturbative for 

⇡ ! ⇡ + c

E ⌧ 4⇡f



Supersymmetry is a weakly coupled solution	

to the hierarchy problem. We can extrapolate	

physics to the Planck scale, complete 	

the MSSM in a GUT.

There is another way and it’s already in use.	

Nature already employs a strongly coupled	


mechanism to explain why

⇤QCD ⌧ MPlanck

⇠ 1GeV 1019 GeV



Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

QCD

Asymptotic	

freedom

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

Fix QCD coupling at some high scale	

→ exponential hierarchy generated dynamically 



QCD: composite bound states

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

quarks, gluons

composite resonances
⇢,K, a1, . . .

At strong coupling, new resonances are generated

gap!



QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

The QCD masses of W/Z are small

QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

Longitudinal components of  W & Z have tiny 	

admixture of pions… 

SU(2)L ⇥ SU(2)R ! SU(2)V



Technicolor

Scaled up version of QCD mechanism

How about another QCD?
- Another strong interaction, and a new set of 

quarks, q’.

- The new strong interaction becomes strong 
around TeV scale. 

Just like QCD, it would have a phase transition 
breaking electroweak symmetry. 

hq̄0Lq0Ri ⇠ ⇤3
TC, ⇤TC ⇠ TeV.

Technicolor,  and its recent incarnations: Higgsless models
Very natural, reasonable idea. 

Thursday, August 9, 12

Technicolor, doesn’t have a Higgs … 

* the Higgs as the dilaton	

as the last bastion … 

*



Composite Higgs

• Want to copy QCD, but extend pion 
sector (QCD:           )  	


• Higgs as a (pseudo) Goldstone boson

⇡0,⇡±



Need to learn about 
goldstone bosons… 



L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Quantum Protection

Symmetries can soften quantum behaviour

breaks susy →  corrections must be	

proportional to susy breaking



L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry

Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵

Can we make the Higgs transform this way?



Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

� = �1 + i�2

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

use real parametrisation  

�(x) =
1

2
e

i⇡(x)/f (f + �(x))

Instead using complex field
L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

‘phase’ ‘modulos’



�(x) =
1

2
e

i⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use

V (|�(x)|2) = V (�(x))

no dependence on ⇡(x)

no mass term



⇡(x) ! ⇡(x) + ↵

1

2
(1 + �(x)/f)2

1

2
@

µ
⇡@µ⇡ +

1

2
@

µ
�@µ� � V (�(x))

Using this parameterization a new symmetry is visible:

@µ(⇡(x) + ↵) = @µ⇡(x)

because          has only ‘derivative interactions’ 

But what happened to the U(1) symmetry ?	

    are real… ⇡(x),�(x)

⇡(x)



� ! ei↵�

e

i⇡(x)/f (f + �(x)) ! e

i↵

e

i⇡(x)/f (f + �(x))

�(x) ! �(x)

⇡(x) ! ⇡(x) + ↵

Phase rotation becomes shift symmetry

But what happened to the U(1) symmetry ?

is massless but also no⇡(x) • gauge couplings	

• potential	

• yukawas



Semi-realistic 
model



v = 246GeV

m⇢ = g⇢f resonances

EW scale

⇤ = 4⇡f UV completion



pGB Higgs
SU(3) ! SU(2)

Break symmetry using h�i =

0

@
0
0
f

1

A

# Goldstone bosons = # broken generators

PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=



PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
= PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=

Contains a Higgs:

�(x) =

0

@
H1(x)
H2(x)

� 2p
2
⌘(x)

1

A+ . . .

Expand



pGB Higgs
Unbroken gauge symmetry in global SU(2), 
dynamics generates ‘vacuum misalignment’ 

SU(3) ! SU(2)

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L vs. SU(2)

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

EW symmetry broken



vacuum misalignment



pGB Higgs
PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

Electro-weak scale v = f sin ✓



Collective Breaking
We now want to add a yukawa coupling to	

give mass to the top quark

� = exp

8
<

:i

0

@
h1

h2

h⇤
1 h⇤

2

1

A

9
=

;

0

@
f

1

A

Fundamental field is a triplet

�tQ̄iH
c
i tR i: sum over SU(2)



Top yukawa: 1st try
works, gives mass to the top

… but breaks SU(3) structure explicitly, does	

not respect Goldstone symmetry protecting	

the Higgs mass:

2X

i

�t�
c
i Q̄itR



2nd try: Collective breakingCollective Symmetry Breaking
Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y

LYukawa = y1⇥̄L�1t1R + y2⇥̄L�2t2R

��1⇥ =
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2
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TL
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⌃⌅ t1R, t2R, bR

Both                 required for non-derivative couplings

of PNGB Higgs

y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa

Collective Symmetry Breaking
Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y
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��1⇥ =
1⇤
2

�

⇧⇤
0
0
f1

⇥

⌃⌅ ��2⇥ =
1⇤
2

�

⇧⇤
0
0
! 2

⇥

⌃⌅

�L =

�

⇧⇤
tL
bL

TL

⇥

⌃⌅ t1R, t2R, bR

Both                 required for non-derivative couplings

of PNGB Higgs

y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa

Collective Symmetry Breaking
Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y

LYukawa = y1⇥̄L�1t1R + y2⇥̄L�2t2R

��1⇥ =
1⇤
2
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⇥

⌃⌅

�L =
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⇧⇤
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bL

TL

⇥

⌃⌅ t1R, t2R, bR

Both                 required for non-derivative couplings

of PNGB Higgs

y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa



Collective Symmetry Breaking

�†
1 �1

t1R

�L

�2�†
2

t2R

�L

� y2
1

16�2
�2

⇤ ⇥� ⌅

� y2
2

16�2
�2

⇤ ⇥� ⌅

�†
1 �2

t?R

Not allowed

preserves SU(3)2 � SU(2)2

preserves SU(3)1 � SU(2)1

⇒ no PNGB Higgs mass

⇒ no PNGB Higgs mass

Predicts top-partners



Light Higgs implies light fermionic top partners

where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t

1(p)

M t

1(0)

���� =
m2

Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m2
h

� N
c

⇡2

m2
t

f 2
m2

Q

, (22)

that provides an upper bound for the resonance mass:

m
Q

. 700 GeV
⇣ m

h

125 GeV

⌘✓160 GeV

m
t

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
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1 = |FL,R

Q4
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Q1e
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1 +
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Q4mQ1
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Q1 �m

Q4e
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, (24)

where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL

Q4
FR ⇤
Q4

| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3
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, (25)

where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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procedure does not depend on its quantum numbers. We then have
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧
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1 (p) = 0 (n = 0, 2), that require
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3
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Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

Contino et al; Pomarol, Riva; 	

Matsedonskyi,Panico,Wulzer ; Redi,Tesi; 	


Marzocca,Serone,Shu;

where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t

1(p)

M t

1(0)

���� =
m2

Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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The convergence of Eq. (19) requires the Weinberg sum-rule lim
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Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

5 = 4 + 1
Q4 Q1

with EM charges 5/3, 2/3,-1/3

Pomarol et al; Marzocca
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Figure 3: Scatter plots of the masses of the lightest exotic state of charge 5/3 and of the lightest
e
T resonance for ⇠ = 0.2 (left panel) and ⇠ = 0.1 (right panel) in the three-site DCHM model.
The black dots denote the points for which 115 GeV  mH  130 GeV, while the gray dots have
mH > 130 GeV. The scans have been obtained by varying all the composite sector masses in the
range [�8f, 8f ] and keeping the top mass fixed at the value mt = 150 GeV.

T much lighter than the e
T can not happen for a light Higgs due to the presence of a lower bound

on the mT� , which will be discussed in details in the next section. In the region of comparable T�

and e
T� masses sizable deviations from eq. (44) can occur. These are due to the possible presence

of a relatively light second level of resonances, as already discussed.

The numerical results clearly show that resonances with a mass of the order or below 1.5 TeV

are needed in order to get a realistic Higgs mass both in the case ⇠ = 0.2 and ⇠ = 0.1. The

prediction is even sharper for the cases in which only one state, namely the e
T�, is light. In these

regions of the parameter space a light Higgs requires states with masses around 400 GeV for the

⇠ = 0.2 case and around 600 GeV for ⇠ = 0.1.

The situation becomes even more interesting if we also consider the masses of the other com-

posite resonances. As we already discussed, the first level of resonances contains, in addition to

the T� and e
T�, three other states: a top-like state, the T

2/3�, a bottom-like state, the B�, and an

exotic state with charge 5/3, the X

5/3�. These three states together with the T� form a fourplet

of SO(4). Obviously the X

5/3� cannot mix with any other state even after EWSB, and therefore

it remains always lighter than the other particles in the fourplet. In particular (see fig. 9 for a

schematic picture of the spectrum), it is significantly lighter than the T� . In fig. 3 we show the

scatter plots of the masses of the lightest exotic charge 5/3 state and of the e
T . In the parameter

space region in which the Higgs is light the X

5/3� resonance can be much lighter than the other

22

Conclusions

39

Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2

mH  = 115 … 130 GeV

from 1204.6333

see e.g. ATLAS-CONF-2013-051	


Scan over composite Higgs parameter space



Minimal composite Higgs

!

Minimal bottom up construction	

!

      SO(5) → SO(4) ~ SU(2)L x SU(2)R	

!

27

The Higgs as a composite pseudo-NG boson

strong
sector

Aµ 

ψ

h

G → G’ The Higgs doublet H is the NG boson associated 
to the global symmetry G → G’ of a new strong 
dynamics

[ Georgi & Kaplan, `80 ]

� = exp
�
i�i⇥i(x)/v

�
exp

�
2i T â�â

(x)/f
�

T â 2 Alg(G/G0)

Minimal example (with custodial symmetry):

Agashe, RC, Pomarol,  NPB 719 (2005) 165 

R.C.,  DaRold, Pomarol, PRD 75 (2007) 055014; Carena, 
Ponton, Santiago,  Wagner, PRD 76 (2007) 035006; 
Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) 
096002;     Hosotani, Tanaka, Uekusa, PRD 82 (2010) 
115024; Redi, Gripaios,  JHEP 1008:116 (2010); 
Hosotani, Noda, Uekusa,  Prog. Theor. Phys 123 (2010) 
123; Panico, Safari, Serone,  JHEP 1102:103 (2011)

SO(5) → SO(4) ~ SU(2)L x SU(2)R four real NG bosons:

4 of SO(4) = real (2,2) of SU(2)L x SU(2)R

= complex 2 of SU(2)L

At high energies SO(4) is linearly realized

Agashe et. al
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Deviations from SM Higgs

Analogy with        scattering in QCD:⇡⇡ h $ �

SO(5)

SO(4)

A(WW ! hh) ⇠ s

v2
(c2V � c2V )

c2V c3
cV

9

Q:  why light and narrow ?

A:  the Higgs is itself a (pseudo) NG boson

ex:

Georgi & Kaplan, ’80
Kaplan, Georgi, Dimopoulos

4 NGBs     transforming as a (2,2) of SO(4)~SU(2)LxSU(2)R

f2
����µ ei�/f

���
2
= |DµH|2 + cH

2f2

⇥
�µ(H

†H)
⇤2

+
c�H
2f4

(H†H)
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�µ(H
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⇤2

+ . . .

2.   Scatterings involving the Higgs also grow with energy

Giudice et al.  JHEP 0706 (2007) 045 

Agashe, RC, Pomarol  NPB 719 (2005) 165
Goldstone boson nature



EW precision tests
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Figure 7. Left: Probability distribution for the coupling a. Center: Indirect determinations of
the coupling a, excluding the observables MW , �Z , P pol

� , A0
l and A0,b

FB, except for the one specified
in each row. The vertical blue band represents the one obtained from the the fit with all the
observables. Right: Probability regions in the a–⇥ plane. In all plots, the large-mt expansion is
adopted to the two-loop fermionic EW corrections to ⇤fZ .

3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:

Le� = LSM +
⇤

i

Ci

⇥2
Oi . (3.22)

For concreteness, let us use the same operator basis of ref. [11]:

OWB = (H†⌅aH)W a
µ�B

µ� , OH = |H†DµH|2 ,

OLL =
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aH)(Q⇥µ⌅aQ) , OHL = i(H†DµH)(L⇥µL) ,

OHQ = i(H†DµH)(Q⇥µQ) , OHE = i(H†DµH)(E⇥µE) ,

OHU = i(H†DµH)(U⇥µU) , OHD = i(H†DµH)(D⇥µD) , (3.23)

where we add the contribution of the Hermitian conjugate for operators O�
HL to OHD.

The Higgs field gets a vev ⇥H⇤ = (0, v/
⌅
2)T . For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C �
HL = C �

HLi
, CHL = CHLi and CHE =

CHEi for i = 1, 2, 3.

The first two operators contribute to the oblique parameters S and T :

S =
4sW cW CWB
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� v
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, (3.24)

T = � CH
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� v
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, (3.25)

where OH violates the custodial symmetry, since it gives a correction to the mass of the

Z boson, but not to that of the W boson. The next two operators yield non-oblique

– 20 –

W,Z

cV

� = 4�v/
q

|1� c2V |

fit from:  GFitter coll. Eur. Phys. J. C 72 (2012) 2205

Barbieri et al. PRD 76 (2007) 115008
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Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:
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where we add the contribution of the Hermitian conjugate for operators O�
HL to OHD.
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2)T . For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C �
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Higgs couplings

Have been measured to 20-30% precision

Expect deviations ~ (v/f)2
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FIG. 1: In green, yellow and gray, the 68%,95%,99% C.L.
contours for the parameters a and c with the most recent data
(table I). Upper plot: ATLAS with data taken at mh = 126.5
GeV (dashed contours correspond to data taken at mh =

125GeV). Lower plot:CMS with data taken at mh = 125GeV.
A flat prior a 2 [0, 3], c 2 [�3, 3] is used.

Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-

els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [3] and MCHM5 [4] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p
1� ⇠), where all

fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume that no states, beside the SM ones, contribute
via loop-e↵ects to the hgg and h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

2 The loop-induced potential for the PNGBs is a function of
sin v/f and, without any fine-tuned cancellation, would nat-
urally induce v ⇡ f or v = 0.
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