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Results at the Large Hadron Collider (LHC)

I Discovery of the Higgs boson at CMS and ATLAS in 2012
with a mass Mh = 125.15± 0.24 GeV
[CMS Collaboration (2013, 2014); ATLAS Collaboration (2013, 2014);
naive average from Giardino, Kannike, Masina, Raidal and Strumia (2014)]

I No clear evidence of new physics at the electroweak (EW) scale
(supersymmetry (SUSY), composite Higgs, large extra dimensions, ... ?)

The triumph of simplicity?

We do not know: still there is some room for new physics.

However, a simple Higgs doublet H with the simple potential

V (H) = λ

(
|H|2 −

v2

2

)2

perfectly fits the data

I Measurements of Gµ provides v =
√

2〈|H|〉 (tree level)

I and m2 ≡ 2λv2 = M2
h (tree level) fixes the last parameter of the SM

Now, we can use the Standard Model (SM) to make predictions up to the Planck scale

http://cds.cern.ch/record/1530524?ln=en
https://indico.cern.ch/event/330070/material/slides/ 
http://cds.cern.ch/record/1523698
http://arxiv.org/abs/arXiv:1303.3570
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Consistency: ok (up to the Planck scale)

I Mh is below the bound to push the Landau pole of λ above the Planck mass MPl

I The Landau pole of g1 ≡
√

5/3gY is at a very high energy: ∼ 1042 GeV

I The measured Mh implies that the EW vacuum expectation value (VEV) is either
stable or metastable with a life-time > than the age of the universe (see last part)
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Still there are unsolved problems

The SM is not the final theory: apart from quantum gravity

I Dark matter
well-motivated candidates: axion (which also solves the strong CP problem), ...

I (small) neutrino masses
well-motivated candidates: heavy Majorana fermions, ...

I Baryon asymmetry
Elegant solutions: Leptogenesis (possible with heavy Majorana fermions), ...

Origin of inflation is it part of this list?

→ One possibility is that inflation is generated by the Higgs field, however,
it is known that this is possible essentially only if the stability bound is not violated
[Bezrukov, Magnin, Shaposhnikov (2008, 2009); Salvio (2013)]

http://arxiv.org/abs/arXiv:0812.4950
http://arxiv.org/abs/arXiv:0904.1537
http://arxiv.org/abs/arXiv:1308.2244
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Qualitative origin of the stability bound

Veff = V + V1 + V2 + ...

V (φ) =
λ

4

(
φ2 − v2

)2
, V1(φ) =

1

(4π)2

∑
i

cimi (φ)4

(
ln

mi (φ)2

µ2
+ di

)
, ...

where φ2 ≡ 2|H|2 and ci and di are ∼ 1 constants

Consider the RG-improved effective potential (bare parameters → running ones) ...

=⇒
∂Veff

∂µ
= 0 and one is free to choose µ to improve perturbation theory

Since at large fields, φ� v , we have mi (φ)2 ∝ φ2, we choose µ2 = φ2, then

Veff(φ) =
λ(φ)

4

(
φ2 − v(φ)2

)2
+ ... = −

m(φ)2

2
φ2 + λ(φ)φ4 + ...

So for φ� v

Veff(φ) '
λ(φ)

4
φ4

I Mh contributes positively to λ → lower bound on Mh

I yt contributes negatively to the running of λ → upper bound on Mt
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Procedure to extract the stability bound

Steps of the procedure:

Veff , including relevant parameters

RGEs of the relevant couplings

Values of the relevant parameters (also called threshold corrections or matching
conditions) at the EW scale (e.g. at Mt) ...

Finally impose that Veff at the EW vacuum is the absolute minimum!

State of the art loop calculation:

I Two loop Veff including the leading couplings = {λ, yt , g3, g2, g1}
[Martin (2002); Ford, Jack (2002)]

I Three loop RGEs for {λ, yt , g3, g2, g1} and one loop RGE for {yb, yτ}...
[Mihaila, Salomon, Steinhauser (2012); Chetyrkin, Zoller (2012, 2013);
Bednyakov, Pikelner, Velizhanin (March 19 and 21, 2013)]

I Two loop values of {λ, yt , g3, g2, g1} at Mt ... [New! (2014)]

Previous calculations: [...; Sher (1989); Casas, Espinosa, Quiros (1994, 1996);
Bezrukov, Kalmykov, Kniehl, Shaposhnikov (2012); Degrassi, Di Vita, Elias-Miró,
Espinosa, Giudice, Isidori, Strumia (2012); ...]

http://arxiv.org/abs/hep-ph/0111209v2
http://arxiv.org/abs/hep-ph/0111190v2
http://arxiv.org/abs/1201.5868
http://arxiv.org/abs/1205.2892
http://arxiv.org/abs/1303.2890
http://arxiv.org/abs/1303.4364
http://arxiv.org/abs/1212.6829
http://arxiv.org/abs/arXiv:1307.3536
http://www.sciencedirect.com/science/article/pii/0370157389900616
http://arxiv.org/abs/hep-ph/9409458v1
http://arxiv.org/abs/hep-ph/9603227v1
http://arxiv.org/abs/1205.2893
http://arxiv.org/abs/1205.6497
http://arxiv.org/abs/1205.6497
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Input values of the SM observables

(used to fix the relevant parameters: λ,m, yt , g2, gY )

MW = 80.384± 0.014 GeV Mass of the W boson [1 ]
MZ = 91.1876± 0.0021 GeV Mass of the Z boson [2 ]
Mh = 125.15± 0.24 GeV (source already quoted)
Mt = 173.34± 0.76± 0.3 GeV Mass of the top quark [3 ]

V ≡ (
√

2Gµ)−1/2 = 246.21971± 0.00006 GeV Fermi constant for µ decay [4 ]
α3(MZ ) = 0.1184± 0.0007 SU(3)c coupling (5 flavors) [5 ]

[1] TeVatron average: FERMILAB-TM-2532-E. LEP average: CERN-PH-EP/2006-042

[2] 2012 Particle Data Group average, pdg.lbl.gov

[3] ATLAS, CDF, CMS, D0 Collaborations, arXiv:1403.4427. Plus an uncertainty O(ΛQCD)
because of non-perturbative effects [Alekhin, Djouadi, Moch (2013)]

[4] MuLan Collaboration, arXiv:1211.0960

[5] S. Bethke, arXiv:1210.0325

http://pdg.lbl.gov
http://arxiv.org/abs/1403.4427
http://arxiv.org/abs/1211.0960
http://arxiv.org/abs/1210.0325


Precise running of λ and its β-function
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Result for the stability bound

Mh > 129.6 GeV + 2.0(Mt − 173.34 GeV)− 0.5 GeV
α3(MZ )− 0.1184

0.0007
± 0.3 GeV

Combining in quadrature the experimental and theoretical uncertainties we obtain

Mh > (129.6± 1.5) GeV

→ vacuum stability of the SM up to the Planck scale is excluded at 2.8σ
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ΛI = scale (field value) at which Veff becomes smaller than its value at the EW scale
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The SM phase diagram in terms of Planck scale couplings

yt(MPl) versus λ(MPl)
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“Planck-scale dominated” corresponds to ΛI > 1018 GeV

“No EW vacuum” corresponds to a situation in which λ is negative at the EW scale



Interpretations of the near criticality

Why is λ(MPl) small?

It could be the matching with some high energy theory close to MPl:

I High scale SUSY with tanβ = 1
[Hall, Nomura (2009); Giudice, Strumia (2014); Cabrera, Casas, Delgado (2012);
Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon (2012); Ibañez, Valenzuela
(2013); Hebecker, Knochel, Weigand (2013)]

I Partial N = 2 SUSY insuring D-flatness
[Fox, Nelson, Weiner (2006); Benakli, Goodsell, Staub (2012)]

I An approximate Goldstone or shift symmetry
[Hebecker, Knochel, Weigand (2012); Redi, Strumia (2012)]

I No-scale scenario (Agravity) together with a Z2 symmetry: if the mirror Higgs is
the field that generates MPl, its VEV is at the Planck scale and the corresponding
potential has to be nearly vanishing (to have a small cosmological constant Λ)
[Salvio, Strumia (2014)]

... or some property of the multiverse (not necessarily the anthropic selection)

λ(MPl) small is explained if critical points in the multiverse are attractors

http://arxiv.org/abs/0910.2235
http://arxiv.org/abs/1108.6077
http://arxiv.org/abs/1108.3867
http://arxiv.org/abs/1112.3028
http://arxiv.org/abs/1301.5167
http://arxiv.org/abs/1301.5167
http://arxiv.org/abs/1304.2767
http://arxiv.org/abs/hep-ph/0206096
http://arxiv.org/abs/1211.0552
http://arxiv.org/abs/1204.2551
http://arxiv.org/abs/1208.6013
http://arxiv.org/abs/arXiv:1403.4226
http://arxiv.org/abs/arXiv:1403.4226
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The SM phase diagram in terms of Planck scale couplings

Gauge coupling g2 at MPl versus λ(MPl)
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The SM phase diagram in terms of Higgs potential parameters
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Phase diagram of the SM potential

For λ(MPl) < 0 there is an upper bound on m by requiring a Higgs vacuum at the
EW scale. This bound is, however, much weaker than the anthropic bound of
[Agrawal, Barr, Donoghue, Seckel (1997); Schellekens (2014)]

http://arxiv.org/abs/hep-ph/9707380
http://arxiv.org/abs/arXiv:1306.5083
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If Veff becomes negative much before the Planck scale

I If Mh is close to the measured central value, Higgs inflation is not possible
and Veff becomes negative much before MPl

I If so, is this evidence for new physics?
Yes, in the sense that at least the inflaton seems to be missing in the SM

Rate of quantum tunnelling

It is given by the probability of nucleating a bubble of true VEV in a spacetime volume
dV dt [Kobzarev, Okun,Voloshin (1975); Coleman (1977); Callan, Coleman (1977)]

d℘ = dt dV Λ4
B e−S(ΛB ) .

S(ΛB) ≡ the action of the bounce of size R = Λ−1
B , given by

S(ΛB) =
8π2

3|λ(ΛB)|

http://inspirehep.net/record/88934
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.2929
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1762


If Veff becomes negative much before the Planck scale

I If Mh is close to the measured central value, Higgs inflation is not possible
and Veff becomes negative much before MPl

I If so, is this evidence for new physics?
Yes, in the sense that at least the inflaton seems to be missing in the SM

Rate of quantum tunnelling

It is given by the probability of nucleating a bubble of true VEV in a spacetime volume
dV dt [Kobzarev, Okun,Voloshin (1975); Coleman (1977); Callan, Coleman (1977)]

d℘ = dt dV Λ4
B e−S(ΛB ) .

S(ΛB) ≡ the action of the bounce of size R = Λ−1
B , given by

S(ΛB) =
8π2

3|λ(ΛB)|

http://inspirehep.net/record/88934
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.2929
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1762


Vacuum life-time
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Left: The probability that EW vacuum decay

happened in our past light-cone, taking into

account the expansion of the universe.

Right: The life-time of the EW VEV, with

two different assumptions for future

cosmology: universes dominated by the

cosmological constant (ΛCDM) or by dark

matter (CDM) ...



Conclusions

I We have presented the stability bound at full next-to-next-to-leading order

I Comparing the result obtained with the experimental values of the relevant
parameters we have found some tension, which we have quantified (2.8σ)

I Data vaguely indicate that the EW VEV is metastable (the life-time is > than the
age of the universe) and that Higgs inflation is not possible

I Absolute stability, however, is not excluded now as the measured Mh and Mt are
close to the bound once the uncertainties are taken into account

I The works we have discussed call for a better determination of Mt and α3(MZ )

I We appear to live very close to the boundary between stability and metastability
(near-criticality)
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Step 1: effective potential

RG-improved tree level potential (V ): classical potential with couplings replaced by
the running ones

One loop (V1): Veff depends mainly on the top, W, Z, Higgs and Goldstone squared
masses in the classical background φ: in the Landau gauge ... they are

t ≡
y2
t φ

2

2
, w ≡

g2
2φ

2

4
, z ≡

(g2
2 + 3g2

1 /5)φ2

4
, h ≡ 3λφ2 −m2, g ≡ λφ2 −m2

→ (4π)2V1 is (in the MS scheme)

3w2

2

(
ln

w

µ2
−

5

6

)
+

3z2

4

(
ln

z

µ2
−

5

6

)
−3t2

(
ln

t

µ2
−

3

2

)
+
h2

4

(
ln

h

µ2
−

3

2

)
+

3g2

4

(
ln

g

µ2
−

3

2

)
In order to keep the logarithms in the effective potential small we choose

µ = φ

Indeed, t,w , z, h and g are ∝ φ2 for φ� m

Two loop (V2): is very complicated, but always depend on t,w , z, h, g plus gi

back to main slides



Step 2: running couplings

For a generic coupling θ we write the RGE as

dθ

d lnµ2
=

β
(1)
θ

(4π)2
+

β
(2)
θ

(4π)4
+ ...

They were computed before in the literature up to three loops

(very long and not very illuminating expressions at three loops)

One loop RGEs for λ, y2
t , g

2
i and m2

β
(1)
λ = λ

(
12λ+ 6y2

t −
9g2

2

2
−

9g2
1

10

)
−3y4

t +
9g4

2

16
+

27g4
1

400
+

9g2
2 g

2
1

40
,

β
(1)

y2
t

= y2
t

(
9y2

t

2
− 8g2

3 −
9g2

2

4
−

17g2
1

20

)
,

β
(1)

g2
1

=
41

10
g4

1 , β
(1)

g2
2

= −
19

6
g4

2 , β
(1)

g2
3

= −7g4
3 ,

β
(1)

m2 = m2

(
6λ+ 3y2

t −
9g2

2

4
−

9g2
1

20

)
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Step 3: threshold corrections

λ(Mt) = 0.12604 + 0.00206

(
Mh

GeV
− 125.15

)
− 0.00004

(
Mt

GeV
− 173.34

)
± 0.00030th

m(Mt)

GeV
= 131.55 + 0.94

(
Mh

GeV
− 125.15

)
+ 0.17

(
Mt

GeV
− 173.34

)
± 0.15th

yt(Mt) = 0.93690 + 0.00556

(
Mt

GeV
− 173.34

)
− 0.00042

α3(MZ )− 0.1184

0.0007
± 0.00050th

g2(Mt) = 0.64779 + 0.00004

(
Mt

GeV
− 173.34

)
+ 0.00011

MW − 80.384 GeV

0.014 GeV

gY (Mt) = 0.35830 + 0.00011

(
Mt

GeV
− 173.34

)
− 0.00020

MW − 80.384 GeV

0.014 GeV

g3(Mt) = 1.1666 + 0.00314
α3(MZ )− 0.1184

0.0007
− 0.00046

(
Mt

GeV
− 173.35

)

The theoretical uncertainties on the quantities are much lower than those used in
previous determinations of the stability bound
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