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Main Argument
• In the foundations of physics, arguments from naturalness are
common. They motivate the research of tens of thousands of people.
• Naturalness arguments are widely believed to be mathematical.
• That’s wrong: Naturalness arguments are aesthetic arguments.

Almost all theory-development in
the foundations of physics during the last 30 years has
been based on faulty logic.

The Problem with Heliocentrism
• If the Earth moves, the stars should move.
• The parallax couldn’t be observed.
• Astronomers concluded the stars are much farther away than the planets.
• They also, mistakenly, thought the stars would have to be gigantically
large.
• This seemed “not natural.”

Origins
“It is necessary to preserve in these matters some decent proportion,
lest things reach out to infinity and the just symmetry of creatures and
visible things concerning size and distance be abandoned: it is
necessary to preserve this symmetry because God, the author of the
universe, loves appropriate order, not confusion and disorder.”
no arbitrary choices

~ Tycho Brahe

The Problem with Heliocentrism
The naturalness argument against heliocentrism
was wrong because astronomers assumed
an almost uniform probability distribution of
celestial objects.

Dirac and the Large Numbers
“Any two of the very large dimensionless numbers occurring in Nature
are connected by a simple mathematical relation, in which the
coefficients are of the order of magnitude unity.”
~ Paul Dirac
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Naturalness (general)
• Dimensionless numbers shouldn’t be much larger or smaller than 1.
• Unnatural numbers are “finetuned” and arbitrary and ugly.
• They “scream for explanation.”
• Rationale: A finetuned number is unlikely.
Unlike simplicity, naturalness is not a requirement
about the number of assumptions but about the
type of assumptions.
small number

Naturalness (technical)
Applicable to quantum field theory only.
Parameters at low energy (IR) are not highly sensitive to the choice of
(presumed more fundamental) parameters at high energies (UV).

This is often referred to as “the UV physics decouples.”
But note that changing the parameters in the UV is not a
physical process. It’s a “virtual” move in the landscape.

Theory Space

The Problem with Naturalness
You cannot actually change the parameters in the UV – they are
whatever they are. This is not a physical variation.
The naturalness argument holds that the UV values should likely lead
to our IR observations (SM). But to speak about likeliness requires a
probability distribution. Which depends on an arbitrary choice.

Absent ensemble data to extract a probability
distribution, naturalness arguments are logical nonsense.

The Typical Argument Looks Like This
typical probability distribution

typical difference between random draws
is of order one
almost-cancellation is extremely improbable
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The Typical Argument Looks Like This
typical probability distribution

typical difference between random draws
is of order 10-9
almost-cancellation is extremely probable

Classical example of a
circular argument

natural width of distribution is of order 10-9
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Theory Space

This Problem Used To Be Well-known
“Any measure of fine tuning that quantifies naturalness can be
translated into an assumption about how likely a given set of
Lagrangian parameters is. In the absence of a theoretical reason
compelling us to choose a certain value, we can consider some sensible
distribution of the parameter to study what are the natural predictions
of the model. The “theoretical license” at one’s discretion when
making this choice necessarily introduces an element of arbitrariness
to the construction.”
~ Anderson and Castano, Phys .Lett. B
347:300-308 (1995)

But naturalness was introduced to remove arbitrary choices.
Making such a choice turns the argument ad absurdum.

Now the problem is not so well known
“The concept of naturalness and its implications for electroweak
physics did not spring from a single paper but, rather, they developed
through a “collective motion” of the community which increasingly
emphasized their relevance to the existence of physics beyond the
Standard Model.”
~ Gian Francesco Giudice, arXiv:0801.2562
“How about: Naturalness = “low energy” New Physics? The answer to
[this] question, I think, is clear. It is not a “theorem” anymore, as we
used to say before or even at the time of LEP, because the experiments
so far do not support it.”
~ Riccardo Barbieri, arXiv:1707.05637

More Problems with Naturalness
• All axioms are infinitely unlikely anyway. What’s the big deal with a
constant?
• Technical naturalness: If there’s a TOE, what distribution are we even
talking about?
• How much finetuning is required depends on how precisely you can
measure the constant. Suppose the Higgs mass was
1.0966574443278047888733004 times the Planck mass. That would
also be finetuned to 15+ digits.

But Naturalness Works! (or so they say)
• Smallness of electron mass: new physics no later than ~ 70 MeV
→ positron (.5 MeV)
• Smallness of difference between mass of neutral and charged pions:
new physics no later than ~ 850 MeV
→ ρ-meson (770 MeV)
• Absence of flavor changing neutral currents: new physics no later
than 2 GeV
→ charm quark (1.3 GeV)

But Naturalness Doesn’t Work
• Cosmological constant: 30 orders of magnitude smaller than what
the Planck-scale cutoff suggests.
• Where’s the axion? To solve the strong CP problem, protect the
smallness of θ parameter by the Pecci-Quinn U(1) symmetry. The
particle associated to the field hasn’t been found.
• Higgs mass: Is 15 orders of magnitude smaller than what the Planckscale/GUT cutoff suggests. This means new physics no later than a
TeV.
• The WIMP miracle: What about it?

More Numerology
U(1)xSU(2)xSU(3) doesn’t look pretty enough
Couplings seem to unify with
Supersymmetry!
(And with many other SM extensions)
Except that there’s no evidence for this.
Figure: D.I. Kazakov, hep-ph/0012288

Why does it matter?
Because naturalness arguments
1. made physicists believe in supersymmetry, which has been sought
for since the 1990s. Unsuccessfully.
2. made physicists believe the LHC should see something besides the
Higgs. That didn’t happen.
3. made physicists believe that dark matter is made of WIMPs or
axions. These have been sought for since the mid 1980s.
4. have been used for 30+ years to judge the promise of theories. This
strategy produced nothing of value.

Yes, Explanations are Good
I am not saying we should not search for better explanations.
I am saying :
1. It’s wrong to think some numbers are in particular need of
explanation if one does not have a probability distribution
2. The cure shouldn’t be worse than the disease.

Beauty in Theoretical Physics (as observed)
• Simplicity: Reduce number of axioms/unify principles. Problem: Can
only be used to distinguish between competing theories.
• Naturalness: No large or small numbers. Problem: Ill-defined.
• Elegance: Surprising consequences from sparsity. Rigidity. Problem:
Depends on expectation, education, and flexibility.
• Beauty: A combination of simplicity, naturalness, and elegance.

Conclusions
• Naturalness is not mathematically well-defined without a probability
distribution.
• Defining the probability distribution turns the criterion ad absurdum.
• It’s not enough to discard of naturalness – we have to understand
what went wrong and why to avoid repeating mistakes.

If intuition fails, more rigor is required, not less.
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