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1 Introduction

The Standard Model (SM) of particle physics is a field the-
ory whose lagrangian is invariant under a continuous group
of local transformations G = SU(3)C × SU(2)L × U(1)Y .
We are particularly interested in the Higgs part of that la-
grangian, which contains a kinetic term for the Higgs scalar
field φ and the potential V0, given by

V0 = µ2(φ†φ) + λ(φ†φ)2, µ2 < 0, λ > 0 . (1)

In eq. 1, the λ term describes the quartic self-coupling of
the Higgs and after minimizing V the Higgs field acquires
a vacuum expectation value (vev) |φ|2 = −µ2/2λ ≡ v2 and
we get a Higgs boson with (bare) mass M2

H
= −2µ2. The

vev v is fixed in terms of the experimentally well known W
boson mass MW ∝ v, v ≈ 246 GeV.

Prior to the recent Higgs discovery we had no knowledge
of the separate values of µ and λ, and therefore the mass of
the Higgs was unknown. On the other hand, the SM is com-
monly assumed to be merely a low-energy theory of some
more fundamental theory, whose energy scale Λ (analogous
to v in the SM) constitutes another unknown parameter. It
was and is thus important to establish theoretical criteria
to constrain the ranges of MH and Λ.

2 Unitarity Bounds

The first constraint comes from requiring that the scat-
tering matrix for the scattering of gauge (W± and Z) and
Higgs bosons is unitary, i.e., from conservation of probabili-
ties. The amplitudes for these processes can be decomposed
into partial waves of angular momentum and unitarity im-
poses an upper bound on the expansion coefficients, which
translates into an upper bound for the Higgs mass MH .
If one assumes an Higgs boson much lighter than the cen-

ter of mass (C.M.) energy, we obtain the bound MF . 710
GeV; on the other hand, assuming the Higgs is too heavy,
we get an upper bound for the C.M. energy ΛU = 1.2 TeV.
Therefore, from the unitarity requirement, one concludes
that either the Higgs is lighter than ≈ 710 GeV or new
Physics must appear below ΛU = 1.2 TeV.

3 Triviality Constraint

But the SM is a perturbative theory and the analysis above
has been performed only at first order. We must also take
into account high-order corrections to the couplings as well
as to the (bare) masses which appear in the SM lagrangian,
leading to an energy dependence of this quantities.
The triviality constraint derives its name from the fact

that in a simplistic theory in which there is only a real
scalar field with a quartic self-coupling, similar to λ
in eq. 1, the corrected self-coupling increases monotoni-
cally with the energy scale and the theory becomes non-
perturbative (λ becomes infinite) at the so-called Landau
pole ΛT , unless λ = 0, i.e., the theory is ”trivial”.
For the SM there is one important difference: the cor-

rected λ receives also a negative contribution essentially
from a coupling with the top quark (the heaviest fermion).
For large Higgs masses, the positive contribution dominates
and for each value of the Landau pole ΛT we get an upper
bound for the Higgs mass, depicted in fig. 1 (upper shaded
region). Viewing this argument in a different way, given a
mass MH we can establish the energy cut-off below which
the self-coupling λ remains finit and the SM is valid.
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Figure 1: Fine-tuning contours (red) and bounds from trivi-
ality, stability and electroweak precision data. From Ref. [2].

4 Vacuum Stability Constraint

In the previous constraint, we considered large Higgs
masses. Now we focus on small Higgs masses for which
the top quark contribution to λ becomes dominant, driv-
ing it to a negative value and leading to a scalar potential
with an energy dependent value, V (Q), smaller than that
of the SM vacuum. This means that the vacuum is not sta-
ble anymore since it has no minimum (draw the potential
in eq. 1 for λ < 0). Imposing positivity λ(Q) > 0, we thus
get a lower bound for the Higgs mass as a function of the
turn-over scale ΛV (λ(ΛV = 0)), which we show in fig. 1.

5 Fine-Tunning

Finally, one last theoretical constraint originates from the
high-order corrections to the (square) of the Higgs boson
mass, where we have a quadratic divergence in the cut-off
energy scale of the SM. As a result, if the cut-off energy Λ
is very large one needs a very large unnatural arrangement
between the corrections and the bare Higgs mass in order
to obtain a physical Higgs boson mass in the range allowed
by the other constraints, namely 100 GeV . MH . 1 TeV.
A measure of this fine-tuning is then the sensitivity of

the electroweak (EW) scale to the cut-off energy Λ, i.e.,
the quotient between the corrections to M2

H
at the EW

scale v and the physical Higgs mass, |∆M2

H
/M2

H
|. In fig. 1

are shown the regions with fine-tuning less than 10 (10%)
and 100 (1%) as well as EW high-precision data constraints
(in blue). The white region corresponds to small (less than
v2) corrections to M2

H
, where there fine-tuning is small.

From the figure, we conclude three things. With the
present experimental valueMH ≈ 136 GeV the new physics
is very near at hand, with Λ < 2.3 GeV for less than 10%
fine-tuning. Secondly, if the Higgs mass were very high
new physics would appear by about 3− 5 TeV, in order to
remain natural at the 10% level. Finally, there is a region
(around MH = 200 GeV) where the scale of new physics Λ
could be anomalously large with a very small fine-tuning.
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