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Naturalness

Naturalness is like a 
snowflake

No two people have the 
same definition of 

naturalness



Naturalness : Using dimensional analysis to 
predict a new scale (sometimes this is the 

mass of a new particle)

This talk : Naturalness



This talk : Naturalness

Naturalness : Using dimensional analysis to 
predict a new scale (sometimes this is the 

mass of a new particle)

Useful : Predicts where you should look to find 
something qualitatively new



Naturalness : Using dimensional analysis to 
predict a new scale (sometimes this is the 

mass of a new particle)

Believe : Experimental evidence indicates 
dimensional analysis always works

Physics Math

Just like Occam’s Razor

This talk : Naturalness



Naturalness examples

Simple Example

Drop a ball

Time when you hear a noise

d ⇠ g t2

Predict distance to new physics



Naturalness examples

Classic Examples

Classical Radius of the electron

VE+M ⇠ ↵

re
⇠ me

“Anticipated” Quantum Mechanics

re



Naturalness examples

Classic Examples

Charged pion mass

“Anticipated” Rho meson

m2
⇡± �m2

⇡0 ⇠ ↵⇤2

Diagrams enforce 
dimensional analysis



Naturalness examples

Classic Examples

Charm quark

Prediction of charm quark

1.1 Mesons, quarks and box diagrams 3
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Figure 1: Box diagrams forK−K ,D−D , Bd−Bd and Bs−Bs mixing. The zigzag lines represent
W bosons. For each process there is also a second box diagram, obtained by a 90◦ rotation.

quantum number F = S, C or B, represent the lowest non-vanishing contribution to the transition
matrix element Σ12 defined by

− i(2π)4δ(4)(pM − pM )Σ12 =
⟨M(p⃗M )|S|M (p⃗M )⟩

2MM
(4)

with the S-matrix S and the generic notation M = K ,D,Bd or Bs. (The notation Σ12 refers to the
quantum-mechanical two-state system with |1⟩ = |M⟩ and |2⟩ = |M ⟩.) I comply with the standard
relativistic normalisation of the meson states, ⟨M(p⃗ ′)|M(p⃗)⟩ = 2E (2π)3δ(3)(p⃗ ′ − p⃗). The meson
mass MM =

√
E2 − p⃗ 2 in the denominator in Eq. (4) is introduced for later convenience. In terms

of the Hamiltonian (density) HSM
int (x) = −LSM

int (x), which encodes all interactions of the SM, the
S-matrix is given by the usual time-ordered exponential

S = Te−i
R

d4xHSM
int (x). (5)

In order to link Eqs. (4) and (5) to the diagrams of Fig. 1 we must consider the contribution from LW in
Eq. (2) to −HSM

int and expand the time-ordered exponential in Eq. (5) to order g4
w. The determination

of this term amounts to the calculation of the two contributing box diagrams with the usual Feynman
rules of the weak interaction. To this point we have only used standard text-book quantum field
theory, noting an important omission: No effect of the strong interaction has been taken into account
by now. Most importantly, we do not know yet how to take care of quark confinement, which forces
the external quarks in the diagrams of Fig. 1 to form mesons. As an important feature, Quantum
Chromodynamics (QCD) behaves very differently at short and long distances: At short distances
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(This estimate is for a triplet-quark schem'e; for the 3 
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Exp-erimentally the left hand side is about 0, 7 x 10- 14 , so we have 

-3 
E=i.4x10 

Eq.uation (2. 8) is compatible [see Eqs. {F. 4-5)]· either with 

m m and large, and m ' m -::: 1 GeV, or m << m 'and 
pp· PP. P P 

m 1-::: 2 GeV, We argue in the next section, in connection with the 
p 

nonsuppression of the KL _.. y _Y rate, that the latter is the logically 

tenable alternative. In this case 
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\\hat is the meaning of the suppression factor c? Th"e expression 

{2. 4)1 couched as it is in the language of the ft·ee quark model, is hard to 

inteq:Jret in the context of a realistic model. Nevertheless, it indicates 

the degree to which the Gl:\1 cancellation mechanism must be effective, 

and suggest:o that charmed meson states cannot be too massive, We 

suggest that in a more realistic model {which we shall discuss elsewhere) 

the suppression factor will take the form 

,_ 
2 2 

m c m\\' 
2 2 £n --2-

m\\ ;;in 0 \\' me 

in the limit of chiral Sl:(3) x Sl"{3) symmetry, where me is the average 

mass of the charmed pseudoscalar mesons. If this is correct, we 

expect me to be less than, sa)•, 10 GeV. The experimental implications 

of the existence of charmed mesons have already been discussed by GIM, 

Snow ail.d other,.;, 1 -'i,ib 

Finally, with the suppression factor € of the order of {2.9), the 

weak contribution to" he well within the bounds implied 
L 

by the experimental data even if the cancellatiqn of the axial vector 

part were not complete. 

2. 2 !..:: - 1T v \' 

The effective interaction derived in (A.?) for the elementary process 

)... + n _,. 1 ... £ allows us to the rates for K + ..... rr + v + v, Noting that 

{1-"V )\ 1 K+> l r +{p l r 
fl 5 +fL+ -fJ. 

-0.- ,u r-u 
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v 5 fl 5 

M.K. Gaillard and B. Lee, Phys.Rev.D 10 (1974) 897



Naturalness examples

Fermi in 1922 predicted (stimulated) 
Schwinger pair-production

B

Larmor Radiation 

!� ⇠ �2 eB

m
⇠ �m

Something 
happens when �eB ⇠ m2



Elephant in the Room

Naturalness meets the Higgs

⇤top yukawa ⇠ 500GeV

⇤gauge ⇠ 1TeV

⇤quartic ⇠ 1.3TeVm2
H

⇠ g2⇤2
gauge



Elephant in the Room

⇤top yukawa ⇠ 500GeV

What does this scale mean?

Obtained by dimensional analysis

Correspond to anything with dimensions GeV



Tradition

New particles are at these energy scales

1. Colored scalars

2. Colored particles

3. Particles 

SU
SY

Little Higgs

Extra dimensions

Tw
in H

iggs



*Could be very carefully hidden from the LHC

What’s going on?

Where is the 500 GeV new Physics????

To the extent that there is 
nothing there, we must be 

missing something important!



2 Step plan to help you quit your 
naturalness addiction

1. Different parts of the universe 
have different Higgs masses

• Multiverse, brute force via number of 
vacua

• Scalar scanning the Higgs mass

What we could be missing



2 Step plan to help you quit your 
naturalness addiction

2. We live in a non-
generic location where 
Higgs mass is small

What we could be missing

v ⌧ ⇤

Us



2 Step plan to help you quit your 
naturalness addiction

What we could be missing

v ⌧ ⇤

Us

• Anthropics

N. Arkani-hamed, S. Dimopoulos, S. Kachru,  
hep-th/0501082 

S. Weinberg, Phys.Rev.Lett. 59 (1987)

G. Giudice, A. Riotto  1907.05370

https://arxiv.org/abs/hep-th/0501082


2 Step plan to help you quit your 
naturalness addiction

What we could be missing

v ⌧ ⇤

Us

• History
P. Graham, D. Kaplan, S. Rajendran 

1504.07551

J. Espinosa, C. Grojean, G. Panico, A. 
Pomerol, O. Pujolas 1506.09217

A. Hook, G. Marques-Taveres 1607.01786

N. Arkani-Hamed, T. Cohen, R. D’Agnolo, A. 
Hook, H. Kim 1607.06821



2 Step plan to help you quit your 
naturalness addiction

What we could be missing

v ⌧ ⇤

Us

• Messing with the measure

M. Geller, Y. Hocherg, Kuflik
1809.07338

A. Arvanitaki, S. Dimopoulos, V. Gorbenko, 
J. Huang, K. Tilburg 1609.06320 

C. Csaki, R.T. D’Agnolo, M. Geller, A. Ismail
2007.14396

A. Arkani-Hamed, R.T. D’Agnolo, H.D. Kim
2012.04652



Oddity in Solutions

An underlying assumption of physics is typicality

Common problems have common solutions

What is responsible for the 
Higgs’ mass?

Should have a 
common solution!



•Symmetry based solutions
• Composite Higgs
• SUSY
• Little Higgs,
• XXX Higgs

•Naturalness Anonymous
• Anthropics, Measure
• Historical

Oddity in Solutions



•Symmetry based solutions
• Composite Higgs
• SUSY
• Little Higgs
• XXX Higgs

•Naturalness Anonymous
• Anthropics, Measure
• Historical

Oddity in Solutions

Never seen before 
solutions!



•Symmetry based solutions
• Composite Higgs
• SUSY
• Little Higgs
• XXX Higgs

•Naturalness Anonymous
• Anthropics, Measure
• Historical

Oddity in Solutions

Solutions we have seen before



Learn from previous solutions!

New Old solutions

Why invent new solutions?

Remainder of talk will be discussing 
progress in this direction

2 well known solutions 2 not so well known solutions



Compositeness

One of the earliest solution to naturalness 
problems

Cows are not spherical point like objects



Compositeness

Pro : 
Very common solution

Very predictive

Con : Too predictive - not seen



Historical
The history of an object is important

Extremely fine tuned until 
one discovers that a person is 
trying to set a world record

Even then, depends on how 
skilled the person is, if the air 

conditioning is on, …



Historical
Recent trend started by the relaxion

Historical solutions are real 
solutions that have been seen before

Pro : 
Can explain why we haven’t seen 

anything at colliders yet



Historical
Recent trend started by the relaxion

Depends critically on assumptions 
about quantum gravity

Con :

Extremely hard/Impossible to test



The most common solution

Naturalness questions appear all of the 
time in classical mechanics

There is a solution which is extremely 
common

Can see it in CO2



Composite particle

Carbon Dioxide

Made of a positively 
charged object and 2 

negatively charged ones

C
O O

�+
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Classic Problem : Dipole moment of 
CO2



Generic configuration

C

O

O
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Classic Problem : Dipole moment of 
CO2

dCO2 ⇡ �+d



Classic Problem : Dipole moment of 
CO2

CO2 dipole problem : measured dipole is zero!

CO O



CO O
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O

Angle relaxes itself to zero!

Classic Solution : Dipole moment of 
CO2



Axion relaxes angle to zero!

Strong CP problem and the axion

d
u

u dd
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What if Higgs mass is dynamical, what happens?

“Axion” approach to the Higgs

V = �m
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H
HH

† +
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4
(HH

†)2



V

Zero Higgs mass is special!

Almost works out of the box

“Axion” approach to the Higgs

m2
H



m2
H

V

“Axion” approach to the Higgs

1. Flip the sign of the 
potential

2. Tilt the potential
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“Axion” approach to the Higgs

m2
H

1. Flip the sign of the 
potential

2. Tilt the potential

Small negative Higgs mass



1. Scan the Higgs mass 
2. Flip the sign of the potential
3. Tilt the potential

“Axion” approach to the Higgs

Possible in a N>2 Higgs doublet model!

Proof of principle that axion approach to the 
Higgs mass is viable

A. Hook 1802.10093



“Axion” approach to the Higgs

Phenomenology requires minimal model input

L � ✏
2 sin

✓
�

f

◆
HH

†

Small f - LHC
Large f - 5th force



“Axion” approach to the Higgs

Pro : 
The most common solution

Fairly predictive

Con : Not developed enough to say 
for certain



Fermi was right

Is it possible that we are mis-interpreting the 
results of dimensional analysis?

Fermi predicted field value where new physics 
occurs not distance/energy scale

Second example : Fermi predicted field value 
where new physics occurs



Toy model

There is a toy model which shows that this is possible!

Axion without gluon coupling

L = f2|�|2 � |�|4 + �n

Mn�4
pl
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Theory of a scalar with charge 1 under a Zn 
symmetry



Toy model

Integrate out the radial mode mradial ⇠ f
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Toy model

V ⇠ n2✏4

f2
�2 +

n4✏4

f4
�4 + · · ·
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Compare this to our naturalness estimate

⇤NP,guess ⇠
mp
�
⇠ f

n
=

mradial

n
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Guessed the wrong scale for new physics!



Toy model

⇤NP,guess ⇠
mp
�
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n
=

mradial

n
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Guessed the wrong scale for new physics!

V ⇠ ✏4 cos
n�

f

Instead we got the field value where the theory 
behaves qualitatively differently

A. Hook 1902.06758



Toy model

V ⇠ ✏4 cos
n�

f

Phenomenology of new behavior in field space

A. Hook 1902.06758

Higher dimensional operators

High density/intensity environments



Toy model

For Yukawa couplings, you can break this 
relationship even more badly

A. Hook, M. Luty, R. Rattazzi XXXX.XXXX

Discrete shift symmetries can give Yukawa 
couplings non-trivial transformations

Keep tuned

m2 / yn⇤2 S. Das, A. Hook 2006.10767A. Hook 1802.10093
L. Luzio, B. Gavela, P. Quilez, A. Ringwald 

2102.00012 + 2102.01082



Fermi was right

Pro : A solution that has been seen before

Con : Not developed enough to say 
for certain



Conclusion

Dimensional Analysis (naturalness) works so we 
must take it seriously

Just like Occam’s razor

For the Higgs boson, it identifies the TeV scale

Traditionally this is the scale at where new 
particles appear



Conclusion

Compositeness

“Axion” approach can relax the Higgs mass small

Maybe TeV scale is not the mass scale of new 
particles but instead the field value of new physics

Age old solutions to age old problems

Find via axion type experiments

Find via high precision/density/intensity experiments

Historical


