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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.
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SM phase diagram…
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

arXiv:1307.3536 
Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia,
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More on stability…

Coleman, Phys.Rev.D15,2929	
Callan and Coleman, Phys.Rev.D16,1762 
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More on stability…

G. W. Anderson,  	
Phys. Lett. B 243 (1990) 265	
P. B. Arnold and S. Vokos, 	
Phys. Rev. D 44, 3620 (1991)	
J. R. Espinosa and M. Quiros,	
Phys. Lett. B 353, 257
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Inflation 	
and the reheating temperature



Inflation 	
and the reheating temperature

During inflation all the energy is stored  
in the inflaton field, which slowly rolls 
down  
towards the minimum of its effective 
potential



Inflation 	
and the reheating temperature

Once reached, inflation ends,  
and the inflaton begins to 
oscillate near the minimum



Inflation 	
and the reheating temperature

The kinetic energy of the oscillating 
inflaton is gradually transferred 
into the ultra-relativistic SM particles  
produced in the final state of its decay.  
Eventually, SM particles 
reach a state of thermal equilibrium
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What are the experimental limits 
on the reheating temperature ?

Despite its relevance in our understanding 
of the early Universe, very little is known about 
the actual value of the reheating temperature. An 
obvious lower bound can be obtained requiring a 
successful Big Bang Nucleosynthesis: 10 MeV



What are the experimental limits 
on the reheating temperature ?

The Hubble parameter at the end of inflation  
can be constrained using  the limit on the 
tensor-to-scalar ratio of the amplitudes 
produced during inflation: 10   GeV16



Beyond 	
instantaneous reheating

R. J. Scherrer and M. S. Turner, 	
Phys. Rev. D 31 (1985) 681



Beyond 	
instantaneous reheating

R. J. Scherrer and M. S. Turner, 	
Phys. Rev. D 31 (1985) 681



What about theory ?

Baryogenesis via leptogenesis: 
larger than 10   GeV10

e.g.: S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466, 105 (2008)



What about theory ?
High value of the reheating 
temperature protects the Higgs 
field from large 
quantum fluctuations  during 
inflation  
     10  GeV  —  10  GeV 7 17

Espinosa, Giudice, Morgante, 	
Riotto, Senatore, Strumia, Tetradis, arXiv:1505.04825
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NLO thermal corrections  
potential and kinetic term (*)
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Prospects	
[Computational side]

(*) NLO thermal corrections  
potential and kinetic term

Neglecting Z introduces a  
gauge dependence 
(violation of Nielsenn identity) 



Prospects	
[Computational side]

(*) NLO thermal corrections  
potential and kinetic term

See	
M. Garny and  T. Konstandin, arXiv:1205.3392, 	
for the analysis in the context of the abelian Higgs model  



Prospects	
[Computational side]

NLO thermal corrections  
potential and kinetic term



Prospects	
[Interpretational side]

Interplay with inflation 
before-after reheating



Conclusions

(In)stability of the Higgs potential  
in the SM still an open issue ?

Interplay with the physics  
of the early Universe is crucial


