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Naturalness

• Naturalness : IR physics should not depend 
sensitively on small variations of UV 
parameters 

• Traditional solutions 
• SUSY, technicolor, Little Higgs, Composite Higgs, Extra 

dimensions 

• Non-Tradiational Solutions 
• Multiverse, Relaxion, NNaturalness



Naturalness

• Focus has been on the Higgs 

• If there are any new particles, then their 
naturalness problems are also solved 
similarly 

• Are there solutions to the hierarchy problem 
which are unique to these scalars?



Naturalness

• Goal : Add new scalars to the SM without 
worsening the hierarchy problem 

• If scalars solve other problems, should have O(1) couplings 

• Relate the new hierarchy problem to the old 
hierarchy problem



Naturalness

• Imagine that the new scalar is related to the 
Higgs by a discrete symmetry 

• Parity or a Z2 symmetry 

• The hierarchy problem is solved completely 
as long as symmetry is exact 

• Any breaking of the symmetry must be spontaneous 

• Additional scalars re-introduce hierarchy problem



Naturalness

• Exact Parity or Z2 symmetry 
• No new scalars to break symmetry 

• Need Higgs and its copy to spontaneously 
break the symmetry itself 

• Additional light degrees of freedom (e.g. SU(2)R) : both need 
non-zero vevs



Classical Analysis

• Most general potential allowed by 
symmetries 

• Three classes of solutions
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• Experimentally ruled out due to light 
degrees of freedom 

• SU(2)R , precision Higgs measurements

Classical Analysis



Naturalness

• Use RG effects to make sure that Higgs has 
two minima 

• Our Higgs lives in the vacua close to the origin 

• The parity/Z2 copy lives in the vacua far from the origin!
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Naturalness

• No new hierarchy problem! 
• Quadratic divergences set small by discreet symmetry 

• Large vev and mass generated by RG running of quartic
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Example : Strong CP 
problem

Electric Dipole moment
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Expected Dipole moment



Measured EDM
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Must be a reason!
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Classical Strong CP 
problem



Strong CP problem

Neutron EDM can be calculated
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What are the constraints on this model?



• We do not see a mirror sector 

• The mirror sector must have larger masses 

• The Higgs vev in the other sector must be 
much larger than ours! 

• For the sake of plotting results, set it to 1014 GeV

Constraints
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RG running

• Below scale of Z2 breaking no symmetry 
protecting neutron EDM 

• RG running potentially reintroduces problem 

• Breaking of CP comes from CKM matrix 
• Work in basis where CKM matrix is inside of the Yukawas

J. Ellis, and M.K. Gaillard, Nucl.Phys. B150



RG running

• Need to respect SU(3)Q x SU(3)u x SU(3)d 

• Simple expressions vanish

J. Ellis, and M.K. Gaillard, Nucl.Phys. B150
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RG running

• Symmetries alone require RG evolution to start 
at 6 loops 

• Actually need 7 loops because need gauge couplings to see 
breaking of parity

J. Ellis, and M.K. Gaillard, Nucl.Phys. B150
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• Observable signatures come from the 
pseudo-goldstone bosons

Low energy Observables
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• Observable signatures come from the 
pseudo-goldstone bosons 

• Color octet scalars 

• Obtain a 1-loop mass from gauge boson 
loops 

• Like charged pions, quadratic divergence 
cut off by rho mesons
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Low energy Observables
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Low energy Observables

Mass should be 
above 700 GeV
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Z2 symmetry breaking

• Z2 symmetry needs to be broken 
• Second hierarchy problem will be solved using the new 

mechanism 

• Model has two Higgs vacua for certain 
ranges of parameters  

• Will be slight tension with higher dimensional operators

hH 0i > 1012 GeV
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• Bi-fundamentals drive quartic positive at 
3-loops 

• New gauge charged matter keeps gauge couplings large 

• SU(3) gauge coupling drives top yukawa small 

• Top yukawa drives it negative at 1-loop 

• Unlike SM, can have new minimum at sub 
Planckian field values

Quartic



• Top yukawa + bi-fundamentals determine 
Higgs vacua 

• Higgs vacua determines when bi-
fundamentals appear 

• Recursively find a solution

Quartic
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Necessarily have 
problems with higher 
dimensional operators



Solutions to the strong CP problem strongly 
constrained by higher dimensional operators

Higher dimensional 
operators

3

is

V� = yei✓��( i
Q Q,i �  0i

Q 
0
Q,i) (8)

+ m2��† + �(��†)2 + c.c.

where we have taken y real. After the  0
Q quarks con-

dense, we see that � obtains a vev

h�i = y
⇤3

QCD0

m2

e�i(✓
0
/Nf+✓�) + · · · (9)

We have made the simplifying assumption that � ⌧ 1
and m � ⇤QCD0 . Using a phase rotation on � we can
see that the phase is exactly correct. This vev gives a

mass ⇠ e�i✓
0
/Nf to the fermions  i

Q and  Q,i. After
integrating out these quarks, we find that the SU(3)c
gauge group has ✓ = �arg detYuYd. Thus the invariant
theta angle of SU(3)c is zero. The IR manifestation of the
anomalous symmetry is a dynamically generated mass
term that cancels the theta angle!

In the previous calculation, we ignored the back re-

action of the vev of � on h 0i
Q 

0
Q,ji by taking m to be

large. To take into account back reaction, we use the
parameterization

h 0i
Q 

0
Q,ji = ⇤3

QCD0ei✓
0
/Nf �ijf(y�) (10)

where f(y�) is a real function that parameterizes the ef-
fects of a non-zero quark mass on the fermion bilinear. If
the quarks were massless, then we know that they con-
fine so that f(0) ⇡ 1. On the other hand, if the mass of
the quarks is larger than ⇤QCD0 , then the quarks do not
confine and we have f(m & ⇤QCD0) ⇡ 0. To find the vev
of �, we need to solve the equations of motion which are
approximately

m2�� ye�i✓�⇤3

QCD0e�i✓
0
/Nf f(y�) = 0 (11)

From the various limits of f(y�), we see that yh�i .
⇤QCD0 so that the mass of  i

Q and  Q,i is . ⇤QCD0 .
We now consider the e↵ect of higher dimensional oper-

ators on these solutions to the strong CP problem. There
are two types of operators which can cause an e↵ect. The
first kind are higher dimensional operator which break
the anomalous symmetry used to make the sum of the
theta angles unphysical. As we have learned from string
theory UV completions of axion models, there are good
reasons to expect that quantum gravity e↵ects which
break the anomalous symmetries are greatly suppressed.
The second more dangerous type of higher dimensional
operators respect all symmetries. Dangerous operators
include

g2

32⇡2

 
HH†

M2

pl

GG̃+
H 0H 0†

M2

pl

G0G̃0

!
(12)

If the pre-factor was not included, then if one used a
chiral rotation to rotate this coupling into the yukawa
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FIG. 1: The mass of the ⇢0 meson in the mirror sector as a
function of the mirror Higgs vev. The mass of the scalar color
octet will be a factor of few below the mass of the ⇢0.

couplings, one would find that the operator is not sup-
pressed by M2

pl times an order one constant but instead

by an order 32⇡2/g2 constant. Thus the pre-factor is
needed if higher dimensional operators are to be sup-
pressed by the planck scale and not by a parametrically
lower scale. After the Z

2

symmetry is broken, this op-
erator causes the di↵erence between the theta angles to
be non-vanishing. In order not to reintroduce the strong
CP problem, this operator requires that the vev of H 0 be
smaller than ⇠ 1014 GeV.

Depending on how the Z
2

is broken, there may be di-
mension 5 operators which impose stronger constraints.
If the Z

2

symmetry is broken by a real scalar � odd un-
der the discrete symmetry[15], then there is a dangerous
dimension 5 operator

�

Mpl

⇣
GG̃�G0G̃0

⌘
(13)

If the only fine-tuning allowed in the theory is that
needed to solve the hierarchy problem, then this oper-
ator leads to the constraint that � ⇠ H 0 be smaller than
109 GeV, which results in new colored states with mass
below 100 GeV and is experimentally ruled out. Thus
we require that the Z

2

is broken in such a way that
only dimension 6 operators can be written. The sim-
plest way to avoid this problem is to instead introduce
a scalar � which is a doublet under a new SO(2) gauge
symmetry and impose that it transform as � ! i� un-
der the discrete Z

2

symmetry. In this way, the quartic
�2(HH†�H 0H 0†) can be tuned against the mass term to
result in a very light Higgs and no dangerous dimension
5 operators can be written.

The phenomenological consequences of these solutions
are tied to the strong coupling scale of the mirror sector.
In the solution involving massless bifundamentals, the
first signatures would be the color octet bosons. The

✓ =
H 0H 0† �HH†

M2
p

⇡ hH 0i2

M2
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Top quark mass

Postdict top mass to within 1 sigma!

that leads to somewhat counter-intuitive results. We will leave a detailed discussion of

the Higgs potential until Sec. 3 and simply summarize various results here.

We find that the second minimum only exists for a small range of parameters. As the

Higgs potential is most sensitive to the top quark Yukawa, we hold all other measurements

at their currently measured values and vary the top quark mass. Other parameters

evaluated at Mt also vary a bit due to loops [4–6]. The mirror Higgs vev as a function of

top quark mass is shown in Fig. 2. The top quark mass is postdicted to be in the range

172.4 GeV < Mt < 173.2 GeV. (2.2)

This is to be compared with the measured top quark mass [19]

Mt = 173.34 ± 0.87 GeV. (2.3)

The solution to the strong CP problem has accurately postdicted the top quark mass to

within 1�! Note that this postdiction depends on the representation of the  (c) states.

Thus, precise measurements of Mt (such as those possible with the ILC [20]) can probe

the UV content of this theory.

The small range of allowed top quark masses arises for the following reasons. If Mt is

too large, the small e↵ect of  and  c cannot stabilize the potential at low enough scales,

resulting in the upper bound in Eq. 2.2. The smaller the radiatively-generated vev is, the

earlier  and  c are integrated into the RGEs and the larger their e↵ect on the potential

at high field values is. Therefore to counteract a larger yt,  and  c must appear sooner

and thus the vev must decrease. This explains the negative slopes in the vev and the

QCD0 confinement scale as a function of Mt shown in Fig. 2. Below the lower bound in

Eq. 2.2, the second Higgs minimum is pushed above the Planck scale. This can be

understood by noting that for lower yt the SM potential is nearly stable, so  (c) must be

integrated in at a high scale (otherwise the electroweak vacuum would be stable). As yt is

lowered and the scale of  (c) is increased, the stabilization of the potential occurs at ever

higher scales, eventually passing M
Pl

. These arguments are made precise in the following

section.

The lightest new particles in the theory come from the confinement of QCD0.

Confinement is accompanied by the spontaneous symmetry breaking of global

SU(3)L ⇥ SU(3)R ! SU(3)D, associated with the massless bifundamentals  and  c

(recall that all of the mirror quarks have been integrated out). 3 Analogously to QCD,

the spectrum consists of a color octet pseudo-Goldstone bosons ⇡0 and other mesons. The

chiral symmetry is also explicitly broken by the gauging of QCD

SU(3)C ⇢ SU(3)L ⇥ SU(3)R. Thus, much like the charged pions, the ⇡0 obtain a mass

from gluon loops. The confinement scale of QCD0 is determined by h0. Because h0 > h,

the mirror quarks are integrated out sooner and the confinement scale is larger than in

QCD. The mass of the scalar color octet as a function of the top quark mass is shown in

3The chiral symmetry breaking pattern depends on the representation of  (c). We work with bifunda-

mentals of SU(3)C ⇥ SU(3)C0 to make use of existing QCD results.
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Conclusion

• Solving the wrong problem can be very 
productive! 

• Strong CP problem postdict top quark 
mass 

• Dimensional transmutation of Higgs quartic renders theory 
extremely predictive 

• Top quark mass precisely predicted 

• Color Octets in the 10-100 TeV range 

• Tension with Planck suppressed operators


