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Typical Solutions to the Hierarchy Problem

We have met the enemy and it is this loop:

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

!
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2

UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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The solution usually involves a top partner:
I Spin 0 top partner (“stop”):

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin
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I Spin 1/2 top partner (e.g. little Higgs models):
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Figure 5: One-loop contributions to the Higgs boson (mass)2 from the top sector of
the Littlest Higgs model.

3.2 Fermion Sector

The largest quadratically divergent one-loop contribution to the Higgs mass param-
eter in the SM actually comes not from the gauge sector, but from the top quark
loop shown in Fig. 5 (a). To cancel this divergence, the top Yukawa coupling has
to be extended to incorporate the collective symmetry breaking mechanism. In the
L2H model, this is achieved by introducing a pair of weak-singlet Weyl fermions UL

and UR with electric charge +2/3. These are coupled to the third generation quark
doublet q3L = (uL, bL)T and the singlet u3R in the following way:

Ltop = −λ1

2
f χ†

LiϵijkϵmnΣjmΣknu3R − λ2f U †
LUR + h.c. , (28)

where

χL =

!
σ2q3L

UL

"
(29)

is the “royal” SU(3) triplet [18], and Σjm denotes the 3 × 2 upper right hand block
of the Σ field defined in Eq. (14). (The indices i, j, k run between 1 and 3, and
m, n = 4, 5.) The spectrum and interactions of the top quark and its partners can be
obtained by expanding the Σ fields in this Lagrangian to the desired order. Neglecting
the EWSB effects, the mass eigenstates are given by

tL = uL, tR =
λ2u3R − λ1UR#

λ2
1 + λ2

2

,

TL = UL, TR =
λ1u3R + λ2UR#

λ2
1 + λ2

2

, (30)

with t massless at this level and

MT =
#
λ2

1 + λ2
2 f. (31)
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Enter the Swans

Another possibility: Spin 1 partners, or swans:
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The Swan Lake

I Swan model first proposed
by Cai, Cheng and Terning
(0806.0386) in 2008, with
further work by Cai in
2012 (1204.6622)

I Model building in one
picture and one sentence:

Spontaneously breaks to

“Off-Diagonal” gauginos of
SU(5) are the SM tops ⇒
quadratic divergences
cancelled by the vector
superpartners (swans)
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An overview of Swan Pheno

I Combination of PEW and direct detection constrains the swan
mass to & 4.5 TeV

I 125 GeV Higgs easy to accomodate thanks to radiative
corrections and threshold effects

I 1-5% deviation of hgg/hγγ couplings

I Good discovery potential at 100 TeV Collider

I O(10−3) fine tuning

Details in 1406.1221
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