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I. Introduction

• Discovery of a SM-like Higgs boson at the LHC renews the
question of whether EW symmetry breaking is natural.

• Fundamental scalar fields are regarded as unnatural.

• What naturalness really offers as guideline to new energy
scales in physics?

• Proposal of a very concrete and unambiguous definition of
fine tuning.

We speak of a hierarchy problem (HP) when two largely
different energy scales are present in the theory, but there is no
symmetry that stabilizes the light scale from corrections coming

from the large scale.
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II. The hierarchy problem

SM implements spontaneous symmetry breaking of
SU(2)L × U(1)Y → U(1)EM through the existence of a
SU(2)L-doublet Higgs scalar with Y = +1/2, whose potential is

V (H) = −µ2|H|2 + λ|H|4 . (1)

Together both µ and λ set

• Higgs vacuum expectation value v =
√
µ2/λ = 246 GeV

(which controls masses of W , Z and SM fermions).

• Mass of the physical Higgs boson, M2
h = λv2.

LHC measurement of Mh allows us to reconstruct completely
the Higgs potential at the EW scale.
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II. The hierarchy problem
Hierarchy (fine tuning or naturalness) problem refers to
quantum corrections to µ2 or, equivalently, v2.

Näıve description

• Corrections to scalar mass-squared are quadratically
divergent and SM-particle loops induce quantum
corrections proportional to the unknown cutoff scale.

δµ2 = −3λ2
t

8π2
× Λ , (2)

where λt =
√

2mt/v and Λ is the cutoff scale.

• δµ2 � µ2 (or Λ� TeV) implies unnatural fine tuning of
the counter term.

• This argument invests the regulator with physical meaning.
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II. The hierarchy problem

• SM incomplete: gravitation, dark matter, neutrino masses,
inflation, Landau poles.

• Gravity often considered as the ultimate source of HP: new
states with Planck scale masses (MPl) contributing to δµ2.

• No generic reason to believe that δµ2 is related to λt: top
quark no more special than any SM particle.

• Fine tuning of the EW scale associated with thresholds
from heavy particles, calculable and dependent on the
nature of the UV completion of the SM.

• Naturalness constraint: δµ2 . 1002 GeV2.

If there is new physics (NP) beyond SM “talking” to the Higgs
sector, NP introduces large finite corrections to µ2. If NP

couplings are O(1), ΛNP < TeV to avoid unnatural fine tuning.
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III. Heavy fermion

We extend the SM degrees of freedom by at least one new
heavy fermion Ψ (Majorana or Dirac). Under what
circumstances are SM + Ψ models natural?

A. Uncoupled Ψ

B. SM-Charged Ψ

C. Yukawa-Coupled Ψ
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III.A. Uncoupled Ψ

• If LSM+Ψ = LSM + LΨ =⇒ no loop corrections to µ2.

• If LSM+Ψ does not split:

Gravity loops Mixed gravity-SM loops3

generically denoted Ψ, which could be either Majorana or
Dirac (we consider both cases below, where relevant). We
are not concerned with the origin of the mass scale of this
new state, MΨ, but instead concentrate on the question:
under what circumstances is the SM + Ψ model natural?
The answer obviously depends on how Ψ interacts with
the SM, and we consider several motivated possibilities
in turn.

A. Uncoupled Ψ

The simplest scenario, arguably, is to assume that the
Lagrangian LSM+Ψ cleanly splits into LSM + LΨ. In
this case, there is no loop correction to the Higgs boson
mass-squared parameter mediated by the interactions in
LSM+Ψ that involves MΨ. However, once we augment
LSM+Ψ to include gravitational interactions, this is no
longer the case.

While the full quantum theory of gravity is unknown,
it is easy to examine how perturbative (low energy) grav-
itational interactions mediate corrections to µ2 that are
proportional to the new physics scale MΨ. At the lowest
order (two loops), diagrams, such as those shown in Fig-
ure 1, will induce finite corrections of order 1/M4

Pl, the
largest of which are proportional to

δµ2 ∼ 1

(16π2)
2

M4
Ψ

M4
Pl

× µ2. (3)

These finite corrections are proportional to µ2 itself, and
thus will not destabilize the weak scale even if Mψ is of
order the Planck scale. The µ2 dependency is a conse-
quence of the fact that the graviton coupling to a mass-
less, on-shell particle with zero momentum vanishes.

Mixed gravity–SM loops, however, lead to potentially
larger corrections, even for new heavy particles that cou-
pled to all SM fields only through gravity. Indeed, there
are three-loop diagrams like the one depicted in Fig. 2,
where the Higgs divides into a pair of virtual top quarks,
and the gravitons bridge from the top lines to a loop of
the heavy fermion. In this case, all graviton vertices in-
volve virtual particles, leading to a stronger dependence
on the heavy mass scale. We estimate the correction from
diagrams such as this to be,

δµ2 ∼ λ2
t

(16π2)
3

M4
Ψ

M4
Pl

× M2
Ψ. (4)

For M2
Ψ � µ2, Eq. (4) will significantly dwarf Eq. (3).

The naturalness constraint δµ2 <∼ 1002 GeV2 translates
into MΨ

<∼ 1014 GeV – significantly smaller than the
Planck scale but much larger than the weak scale.

In summary: if “quantum gravity” effects can be pa-
rameterized by new heavy fermions with masses <∼ MPl

that only couple gravitationally, our result seems to indi-
cate that the SM plus “quantum gravity” is a moderately
finely-tuned theory. New heavy fermions with masses be-
low 1014 GeV can, however, co-exist peacefully with the
weak scale if these only couple to the SM gravitationally.

FIG. 1: Representative Feynman diagrams for corrections to
the Higgs boson (dotted line) mass-squared from a heavy par-
ticle (solid line) due to gauge boson or graviton exchange
(double wavy line).

FIG. 2: Representative three-loop mixed gravity–SM Feyn-
man diagram that leads to a finite correction to the Higgs
boson (dotted line) mass-squared from a heavy particle (solid
line that couples only to gravity) due to graviton exchange
(double wavy line) and top-quark exchange (solid line that
couples to the Higgs boson).

B. SM-Charged Ψ

Next we consider the scenario where Ψ is charged under
SU(2)L×U(1)Y . In this case, virtual Ψ effects will (in the
least) modify µ2 at the two-loop level,§ via the diagrams
depicted in the top row of Fig. 1, where the graviton is
reinterpreted as an SU(2)L ×U(1)Y gauge boson. These
diagrams contain a finite contribution to the Higgs mass-
squared proportional to M2

Ψ [14]:

δµ2 =

�
g2

16π2

�2

× F

�
M2

W,Z

M2
ψ

�
× M2

Ψ, (5)

§ Note that an electroweak singlet Ψ carrying SU(3)C charge will
still contribute at the three-loop level.
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B. SM-Charged Ψ

Next we consider the scenario where Ψ is charged under
SU(2)L×U(1)Y . In this case, virtual Ψ effects will (in the
least) modify µ2 at the two-loop level,§ via the diagrams
depicted in the top row of Fig. 1, where the graviton is
reinterpreted as an SU(2)L ×U(1)Y gauge boson. These
diagrams contain a finite contribution to the Higgs mass-
squared proportional to M2

Ψ [14]:

δµ2 =

�
g2

16π2

�2

× F

�
M2

W,Z

M2
ψ

�
× M2

Ψ, (5)

§ Note that an electroweak singlet Ψ carrying SU(3)C charge will
still contribute at the three-loop level.

δµ2 ∼ 1
(16π2)2

M4
Ψ

M4
Pl
× µ2 δµ2 ∼ λ2

t
(16π2)3

M4
Ψ

M4
Pl
× M2

Ψ

No fine tuning MΨ . 1014 GeV
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III.B. SM-Charged Ψ

Ψ charged under SU(2)L × U(1)Y contribute to δµ2 at 2-loop
level:

δµ2 =

(
g2

16π2

)2

× F
(
M2
W,Z

M2
ψ

)
×M2

Ψ . (3)

(F dimensionless factor of order one).

• For (g2/16π2) . O(10−2), no fine tuning implies MΨ . 10
TeV.

• New EW-coupled fermions viable WIMP candidates for
dark matter (exp. constraints implies MΨ ∼ 5 TeV).
“Minimal Dark Matter” models are natural.
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III.C. Yukawa-Charged Ψ

Ψ couples to Higgs field through Yukawa interaction involving a
SM fermion ψ: LSM+Ψ ⊃ ynew(ψH)Ψ. Quantum corrections to
µ2 at 1-loop level:

δµ2 ∼ C y2
new

16π2
×M2

Ψ , (4)

where C is the color factor appropriate for Ψ and ψ.

Naturalness imposes ynewMΨ . 1 TeV:
either MΨ is at the TeV scale, or

Ψ is weakly coupled to the Higgs boson.
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An example

Type-I seesaw mechanism

LSM + N̄iσ̄
µ∂µN

i − M ij
R

2
NiNj − yijLiN jH + h.c. , (5)

where i, j are family indices, MR is the right-handed neutrino
mass matrix and y is the neutrino Yukawa coupling matrix
(ψ = Li and Ψ = Ni). At 1-loop we obtain

δµ2 = − 1

4π2

∑

ij

|yij |2 ×M2
j . (6)

Assuming degenerate heavy neutrinos with mass M ,

M . 8− 14× 103 TeV . (7)
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IV. Heavy boson

Theories containing one or more heavy bosons in addition to
the SM degrees of freedom: heavy scalar (real or complex) Φ of
mass MΦ or massive gauge bosons consequence of spontaneous
symmetry breaking. Under what circumstances are SM + Φ
models natural?

A. |H|2|Φ|2 Coupling

B. |H|2Φ Coupling
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IV.A. |H|2|Φ|2 Coupling

Independently of Φ quantum numbers:

LSM+Φ ⊃ λnew|H|2|Φ|2 . (8)

At 1-loop level, MΦ contributes to Higgs boson mass squared,

δµ2 ∼ λnew

16π2
×M2

Φ . (9)

Naturalness dictates that either
interaction strength is very small or MΦ . 1 TeV.
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Two examples
“Higgs portal” dark matter

SM is augmented to include one gauge-singlet scalar that
couples to the SM via Eq.(8). Requirement that Φ is a thermal
relic making up all of dark matter places bounds on
combinations of λnew and MΦ =⇒ MΦ < 1 TeV (natural!).

Grand unified gauge theory (GUT)

SM is the low-energy remnant of a GUT, spontaneously broken
at MGUT � v. Higgs doublet make up part of a GUT multiplet
and µ2 receives corrections from loops of the GUT bosons

δµ2 =
C

16π2
×M2

GUT . (10)

C coefficient of O(g, g′, gS). Proton decay limits require
MGUT & 1016 GeV (GUT very fine tuned!).
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Some comments on supersymmetry (SUSY)

• If the theory is supersymmetric at high energy scales (e.g.
the GUT scale), there are additional contributions to µ2

from the superpartners, whose couplings are guaranteed by
SUSY to lead to δµ2 = 0.

• SUSY cannot be an exact symmetry of Nature, must be
broken. If softly broken, it shields µ2 from quadratic
corrections.

• The existence of soft SUSY-breaking parameters induces
finite quantum corrections to µ2

δµ2 ∼ λ2

16π2
× m̃2 . (11)

• If Nature was softly-broken suypersymmetric, m̃2 must be
around 1 TeV in order to avoid its own hierarchy problem.
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IV.B. |H|2Φ Coupling

A gauge-singlet scalar can also couple to a pair of Higgs via

LSM+Φ ⊃ κnew|H|2Φ . (12)

where κnew is a coupling constant with mass dimensions. This
new coupling induces for MΦ �Mh a correction

δµ2 ∼ −κ
2
new

16π2
× log

(
M2

Φ

M2
h

)
, (13)

Theory will be finely tuned unless κnew . O(TeV).

The interaction effectively shields the Higgs mass from the
heavy mass scale MΦ, despite allowing for relatively large

coupling between Higgs and Φ sectors.
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V. Summary and conclusions

• Arguments based on top quarks assign physical meaning to
the cutoff. If such assumptions are abandoned, top partner
fields as harbingers of naturalness lose much of its
motivation.

• Unambiguous and concrete measure of fine tuning based on
the finite corrections induced by integrating out heavy
particles.

• Main message: naturalness depends on the class of new
particles and how they “talk” to the Higgs field.

• SM without new heavy particles is natural. Nature reveals
that there is BSM physics: dark matter, nonzero neutrino
masses, possible unification of gauge couplings,
baryogenesis, strong CP problem, flavor puzzle,
gravitation...
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V. Summary and conclusions

• GUTs by themselves are extremely fine tuned.

• Gravity induces perturbative corrections proportional to
µ2, even if the new particle masses are relatively close to
Planck scale.

• Type-I seesaw becomes unnatural unless MR . 1000 TeV.

• Thermal dark matter is natural as long as dark matter
mass is below tens of TeV.

Naturalness is a powerful motivating force behind the search of
new TeV-scale degrees of freedom.
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