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SM 



“SMs” are nicely 
compatible with Nature



“SMs” are nicely 
compatible with Nature



... and wants to remain 
“SIMPLE”



๏ “Small isocurvature contribution”

๏ “Single field SR inflation has 
survived its most stringent tests”

PLANCK

๏ “No evidence for primordial NG”

๏“No evidence for addit ional 
relativistic particles”

6� departure from Harrison-Zel’dovich

Ne↵ = 3.36± 0.66 (95% C.L.)



๏ “Extensive search without any 
significant  deviations from the 
SM so far”

๏“Clear evidence for a neutral 
boson with a mass of  126 GeV”

LHC



The resistance 
of the SM



 ..like Odysseus between 
Scylla and Charybdis

mt = 173.1± 1.3 GeV
↵s = 0.1193± 0.0028

2009Scylla

Charybdis

4th July 2012

SM perturbative up to the Planck scale

Ellis et a.Phys.Lett. B679 (2009) 369-375 



 ..like Odysseus between 
Scylla and Charybdis

mt = 173.1± 1.3 GeV
↵s = 0.1193± 0.0028

2009Scylla

Charybdis

“incidit in scyllam cupiens vitare charybdim”
“he runs on Scylla, wishing to avoid Charybdis”

4th July 2012

SM perturbative up to the Planck scale

Ellis et a.Phys.Lett. B679 (2009) 369-375 



Buttazzo et al. JHEP 1312 (2013) 089 
 Lindner Z.Phys. C31 (1986) 295

On the edge of stability

Is there a reason for that? M. Lindner, M. Sher, and H. W. Zaglauer, Phys.Lett., B228, 139 (1989), C. Froggatt and H. B. Nielsen, Phys.Lett., 
B368,96 (1996), M. Shaposhnikov and C. Wetterich, Phys.Lett., B683, 196 (2010), M. Veltman, Acta Phys.Polon., 
B12, 437 (1981), B683, 196 (2010), M. Holthausen, K.S.Lim, M.Lindner and references therein....

Gravitational corrections? Lalak,Lewicki, Olszewki arXiv 14.02.3826, Branchina, Massina Phys.Rev.Lett. 111 (2013) 241801 etc...

    Non trivial interplay between top Yukawa and Higgs self-coupling....evil Scylla hidden in error bars
Stable or metaestable? An experimental rather than theoretical issue ...  

You are here



Messages from sky and Earth

1.The era of scalars has begun

2. No hints of NP in the vicinity of  SM
   SM could be valid till the Planck scale

3. Hierarchy problem should be 
reconsidered



Main assumptions of HDM

SB SI

 Cosmological Constant???

Non-zero Higgs mass 
Non-zero Newton constant

Exact SI

Zero Cosmological Constant

Zero Higgs mass 
Zero Newton constant

Scale invariance                        
3. Where these scales come from???

No new intermediate scales till “Planck” scale     
2. Physicists' Nightmare Scenario  

Identify the Higgs with the inflaton
“Frustra fit per plura quod potest fieri per pauciora”. William of Ockham, Summa Totius Logicae

1. One field to rule them “all”

For similar ideas see for instance  Lindner Z.Phys. C31 (1986) 29, T. Asaka, S. Blanchet, M. Shaposhnikov, Phys.Lett. B631 (2005) 
151, K.A. Meissner, H. Nicolai, Phys.Lett. B648 (2007) 312, M. Holthausen, K.S.Lim, M.Lindner  and references therein.



The dilaton is the new mass donor                                                  
It gives mass to the Higgs and defines the Planck scale 
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The Higgs-Dilaton model (JF)
All the scales are generated by SSB of global scale invariance      

  Dimensionless parameters Fine tuning

A singlet under the SM group                                                       
No couplings with SM particles

The question “Who gives mass to whom?” becomes irrelevant                 
The dilaton is massless



1. Tree level results

2. Radiative Corrections

• Inflation
• Dark energy

  Cosmological consequences

• Subtleties         UV completion         
• Universality regime
• Critical regime

Consistency relations}



Inflation 
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The Higgs-Dilaton model (EF)
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Canonical fields?
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Conformal transformation

Vacuum is infinitely degenerate                                                                        
Physics does not depend on the 
particular value of the dilaton 



... non-canonical kin. terms?? 
...multifield inflation ???

Isocurvature ??
Non-gaussianities ??



Normal modes
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A dynamical constraint between Higgs and Dilaton 

ATRACTOR!



A simple lagrangian density
L̃p
�g̃
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๏ Similar to Higgs inflation/ R2 inflation

๏ Curvature perturbation is conserved

๏ Reconstruction of the potential                               
is almost independent of the preheating 
details
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The primordial spectra
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Scalar spectral tilt 

Running of the tilt
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In Higgs-Dilaton inflation



Inflationary Observables

No free parameters left  

Fast Reheating 
Slow Reheating 

PLANCKPLANCK

HIGGS INFLATION
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Primordial GWs
r(k⇤) ' 192�2� sinh�2 (4��N

⇤)

HIGGS-DILATON INFLATION



Dark Energy 



General Relativity -> Unimodular Gravity

⇥µ�(x) = 0 �(x) = �0

No CC at the level of the action  Restricted metric determinant 

S =

Z
d4xL (gµ� , �gµ� ,�, ��) |g| =1

Variation of the action with a lagrange multiplier 

Same equations of motion as in GR

Scale invariance vs      ???⇤
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with �, �2 ⇠ ⇠�

General Relativity -> Unimodular Gravity

⇥µ�(x) = 0 �(x) = �0

No CC at the level of the action  Restricted metric determinant 

S =

Z
d4xL (gµ� , �gµ� ,�, ��) |g| =1

Variation of the action with a lagrange multiplier 

Same equations of motion as in GR

Scale invariance vs      ???⇤



Consistency 
 



Cutoffs in a background

�(x, t) = �̄(t) + ��(x, t) cn
On(�⇥)

[�(⇥̄)]n�4

Background 
dependent!



Cutoffs in a background
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1. Compute the quadratic lagrangian (Jordan F.)



Cutoffs in a background
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Non-canonical kinetic terms for perturbations
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where ⇥̄J
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ij is the Jordan frame analogue of Eq. (2.15) and depends only on the background values of the fields,
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Note here that this is precisely the change of variables (up to an appropriate rescaling with the conformal factor ⇤)
needed to diagonalize the kinetic terms for the scalar perturbations in the Einstein frame. To see this, it is enough to
start from Eq. (2.14) and expand the fields around their background values ⇥i ⇥ ⇥̄i + �⇥i. Keeping the terms with
the lowest power in the excitations, K̃ = ⇥̄E
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Written in terms of the canonically normalized variables (3.6) and (3.10) these operators read

1

�1
(�ĥ)2��ĝ ,

1

�2
(�⌅̂)2��ĝ ,
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The e⌅ective cut-o⌅ of the scalar theory at a given value of the background fields will be the lowest of the previous
scales. We will be back to this point in Section III C.

B. Cut-o� in the gauge and fermionic sectors

Let us now move to the cut-o⌅ associated with the gauge sector. Since we are working in the unitary gauge for the
SM fields, it is su⌃cient to look at the tree-level scattering of non-abelian vector fields with longitudinal polarization.
It is well known that in the SM the “good” high energy behaviour of these processes is the result of cancellations
that occur when we take into account the interactions of the gauge bosons with the excitations �h of the Higgs field12

[38, 39].

12 In the absence of the Higgs field, the scattering amplitudes grow as the square of the center-of-mass energy, due to the momenta
dependence of the longitudinal vectors � qµ/mW .
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such that all kind of higher-dimensional non-renormalizable operators

cn
On(�⇥)

[�(⇥̄)]n�4
, (3.2)

with cn ⇥ O(1) appear in the resulting action. These operators are suppressed by appropriate powers of the
field-dependent coe⇧cient �(⇥̄), which can be identified as the cut-o⇤ of the theory. This procedure gives us
only a lower estimate of the cut-o⇤, since it does not take into account the possible cancelations that might
occur between the di⇤erent scattering diagrams.

2. Calculate at which energy each of the N-particle scattering amplitudes hit the unitarity bound. The cut-o⇤ will
then be the lowest of these scales.

In what follows we will apply these two methods to determine the e⇤ective cut-o⇤ of the theory. We will start by
applying the method 1) to compute the cut-o⇤ associated with the gravitational and scalar interactions. The cut-o⇤
associated to the gauge and fermionic sectors will be obtained via the method 2).

A. Cut-o� in the scalar-gravity sector

We choose to work in the original Jordan frame where the Higgs and dilaton fields are non-minimally coupled to
gravity. Expanding these fields around a static background11

gµ⇤ = ḡµ⇤ + �gµ⇤ , ⌅ = ⌅̄+ �⌅ , h = h̄+ �h , (3.3)

we obtain the following kinetic term for the quadratic Lagrangian of the gravity and scalar sectors
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The leading higher-order non-renormalizable operators obtained in this way are given by

⇤⇧(�⌅)
2��g , ⇤h(�h)

2��g . (3.5)

Note that these operators are written in terms of quantum excitations with non-diagonal kinetic terms. In order
to properly identify the cut-o⇤ of the theory, we should determine the normal modes that diagonalize the quadratic
Lagrangian (3.4). After doing that, and using the equations of motion to eliminate artificial degrees of freedom, we find
that the metric perturbations depend on the scalar fields perturbations, a fact that is implicit in the Lagrangian (3.4).
The gravitational part of the above action can be recast into canonical form in terms of a new metric perturbation
�ĝµ⇤ given by

�ĝµ⇤ =
1⇤
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The cut-o⇤ scale associated to purely gravitational interactions becomes in this way the e⇤ective Planck scale in the
Jordan frame
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2 + ⇤hh̄
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The remaining non-diagonal kinetic term for the scalar perturbations (�⇥1, �⇥2) = (�⌅, �h) is given in compact matrix
notation by

K S
2 = �1

2
⇥̄J
ij⌥µ�⇥

i⌥µ�⇥j , (3.8)

11 Note that, in comparison with the analysis performed in Ref. [20] for generalized Higgs inflationary models, both the dilaton and the
Higgs field acquire a non-zero background expectation value, cf. Section II. As we will see below, this will give rise to a much richer
cuto� structure.

2. Get rid of the mixings in the quadratic action

1. Compute the quadratic lagrangian (Jordan F.)
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A consistent EFT
3. Read out the cutoff from higher order operators



A consistent EFT :  Cutoffs are parametrically larger than all 
the energy scales involved in the history of the Universe
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A consistent EFT
3. Read out the cutoff from higher order operators



The meaning of the cutoff
Two different definitions

๏  The energy at which perturbative unitarity in        
high-energy scattering processes is violated

๏    The onset of new physics

Breaking of tree level unitarity      new physics 
Ufuk Aydemir, Mohamed M. Anber, John F. Donoghue, Phys.Rev. D86 (2012) 014025 

6=

๏ We will assume that the SM is valid for all momenta up 
to the Planck scale (self-healing ?)

http://inspirehep.net/author/Anber%2C%20Mohamed%20M.?recid=1094732&ln=es
http://inspirehep.net/author/Anber%2C%20Mohamed%20M.?recid=1094732&ln=es
http://inspirehep.net/author/Donoghue%2C%20John%20F.?recid=1094732&ln=es
http://inspirehep.net/author/Donoghue%2C%20John%20F.?recid=1094732&ln=es


Radiative 
Corrections 

 Respect scale invariance -> Dimensional regularization



SM vs. Chiral SM
 Gauge bosons/fermions action invariant under conformal 
transformations

⌦2 =
⇠��2 + ⇠2h

M2
P

h2



SM vs. Chiral SM
 Gauge bosons/fermions action invariant under conformal 
transformations

LF =
yfp
2
h ̄ �! L̃A =

yfp
2

h

⌦
 ̄ ⌘ yfp

2
F (�) ̄ F

except for mass terms

F =
MPp
⇠(1� �)

⇣
1� e2b(�)

⌘1/2

m̃A,f = const.

F 0(�0) = 0

CHIRAL SM

During inflation

F = h

m̃A,f = mA,f

F 0(0) = 1

Low energies

USUAL SM

⌦2 =
⇠��2 + ⇠2h

M2
P

h2



1. Run SM RGE until the chiral SM 

2. The obtained values are used as the input of the 
chiral phase, whose RG equations are run until a 
given scale.

3. This scale is chosen to minimize higher order 
corrections

4. RGE effective potential at inflation is computed

7. Inflationary observables are computed

˜URGE(⇧) =
⇥(µ(⇧))

4

M4
P

⇤2h(µ(⇧))(1� ⌅)2

✓
1� ⌅ cosh

2 �⇧

MP

◆2

RGE Effective potential



Subtlety  : Relation between 
Inflationary / physical masses

LF =
yfp
2
h ̄ �! L̃A =

yfp
2

h

⌦
 ̄ ⌘ yfp

2
F (�) ̄ F



L̃t(�+ ��) =
ytp
2
F (�+ ��) ̄t t

Subtlety  : Relation between 
Inflationary / physical masses

LF =
yfp
2
h ̄ �! L̃A =

yfp
2

h

⌦
 ̄ ⌘ yfp

2
F (�) ̄ F



L̃t(�+ ��) =
ytp
2
F (�+ ��) ̄t t

��

tt

ytF
0 F 0(0) = 1

F 0(�0) = 0
F = const.

F = h

In a background field the coupling of the top to the Higgs pert. is proportional to F′.

=
ytp
2
F (�) ̄t t +

ytp
2

dF (�)

d�
�� ̄t t + . . .

Subtlety  : Relation between 
Inflationary / physical masses

LF =
yfp
2
h ̄ �! L̃A =

yfp
2

h

⌦
 ̄ ⌘ yfp

2
F (�) ̄ F



Top quark contributions

yphyst = yt +
y3t

16⇡2
Ct �! yt
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y t
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yt ! yt +
y3t
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16⇡2
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✏
� C�

◆
F 04

�� ��

���� ytF
0 ytF

0

ytF
0ytF

0

 To remove the divergencies, we must add counter terms to the action

F 0(�0) = 0

F 0(0) = 1

F 0(�0) = 0

F 0(0) = 1



Buttazzo et al. JHEP 1312 (2013) 089 

It is often said that

Vacuum stability vs inflation ? 

“If mh and mt are close to
the measured central value,
Higgs inflation is not possible
and Veff becomes negative
much before MP ”
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Only �0/⇠2h is important

Universal HDI

⇤mh > mcrit � 0.1 log
⇠

1000

GeV

mcrit = [129.1 +
yt(173.2 GeV)� 0.9361

0.0058
⇥ 2.0] GeV

ns  0.97

For masses slightly above the critical Higgs mass *

the predictions of the model are universal  

0.0021  r  0.0034

0  1 + wDE  0.014�0.00057  dns

d ln k
 �0.00034

Bezrukov et al. JHEP 1210 (2012) 140,   Buttazzo et al. JHEP 1312 (2013) 089, 

We take ↵s(Mz) = 0.1184 and assume no jumps

⇤

�0 & b/16



Critical HDI
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1� �
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4 restrictive observational inputs for 4 unknown parameters
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yt from t¯t cross section

 Theoretically clean but large exp. errors  

1. Determine the MS yt

2. Determine the value of r

3. Determine !0
DE

Is all this true? 

O(⇤QCD) uncert.

mpole

t = mMC

t ??

• Position in the phase diagram 
depends on the top mass

• The mass used (Tevatron + 
LHC average) is a “Pythia mass” 
extracted with template methods 
from decay products 

• Yukawa is extracted from pole 
mass

PRISMPRISM



qe↵ = 1.05

ns ' 0.96w0
DE ' �0.95

⇠� ' 0.02

r ' 0.05

⇠h ' 13.2 106�0 ' 1.46

109As ' 2.2

Some numbers



qe↵ = 1.05

ns ' 0.96w0
DE ' �0.95

⇠� ' 0.02

r ' 0.05

⇠h ' 13.2 106�0 ' 1.46

109As ' 2.2

Some numbers

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

0.5 1.0 1.5 2.0 2.5 3.0
0.8

1.0

1.2

1.4

1.6

fêMP

104 H
LG

xc = 0.06
xc = 0.05
xc = 0.04
xc = 0.03
xc = 0.02
xc = 0.01
xc = 0.001

N=0 N=59

MP

⇠
⇠ MPp

⇠
⇠ MP

No additional scales 



qe↵ = 1.05

ns ' 0.96w0
DE ' �0.95

⇠� ' 0.02

r ' 0.05

⇠h ' 13.2 106�0 ' 1.46

109As ' 2.2

Some numbers

Ct ' 2C� ' 1.6
mh ' 125.6 GeV

mt ' 171.5 GeV

m⇤
h ' 122.9 GeV

m⇤
t ' 169.9 GeV

Remember that �0 = �0(m
⇤
h,m

⇤
t ) qe↵ = qe↵(m

⇤
h,m

⇤
t )

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

ÊÊ

0.5 1.0 1.5 2.0 2.5 3.0
0.8

1.0

1.2

1.4

1.6

fêMP

104 H
LG

xc = 0.06
xc = 0.05
xc = 0.04
xc = 0.03
xc = 0.02
xc = 0.01
xc = 0.001

N=0 N=59

MP

⇠
⇠ MPp

⇠
⇠ MP

No additional scales 



Conclusions
      Higgs-Dilaton Cosmology:  A scale-invariant extension of SM

✓  Massless dilaton: unique source for SM particle masses / scales 

✓  Naturally gives single field inflation with a graceful exit 

✓  Dark energy without a cosmological constant

✓ A consistent EFT if the UV completion respects scale invariance

0.0021  r  0.0034

0  1 + wDE  0.014

�0.00057  dns

d ln k
 �0.00034

r ⇠ O(0.1)
dns

d ln k
⇠ O(0.01)

1 + wDE ⇠ O(0.1)

UNIVERSALITY CRITICALITY

✓ Non-trivial relations between 
i n fl a t i o n a r y a n d D E 
observables

✓ Higg & top masses close to 
the vacuum instability values


