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1. Higgs at Planck scale



Desert

Experimentally  LHC

SM is good at least below a few TeV.

No signal for new particles or physics.

Especially no indication of low energy SUSY.

Theoretically UV region of SM by RG  

No contradiction below Planck/string scale.

SM is good to high energy scales.



It is natural to imagine that SM is directly 
connected to the string scale dynamics without 
large modification.
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All the couplings are small 
and the perturbative picture 
is very good up to the Planck 
scale.



(1) The three quantities,

become zero around the string scale.

Triple coincidence

( ), ,B B Bmll b l

Froggatt and Nielsen ô95.

Multiple Point Criticality Principle (MPP)

(2) The Higgs potential becomes flat (or zero) 

around the string scale. 

V

As we will see in the next 2 slides,RG analyses 

indicate



Higgs self coupling 

[Hamada, Oda, HK,1210.2538 , 1308.6651]

[ 1405.4781 ]
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(1) A toy model ðCritical Higgs inflation

Hamada , Oda, Park and HK  ô14

Bezrukov,Shaposhnikov

We assume 

a) Nature does fine tunings so that the Higgs potential  

becomes flat around the string scale.

b) We can trust the Higgs potential including the string 

scale.

c) We introduce a non -minimal coupling Ⱪ╡▐ of order Ⱪͯ .

Ҝ A realistic model can be constructed.

Higgs inflation

Higgs potential may be flat around the string scale.

It suggests that the Higgs field can play the role of inflaton.

Here I will introduce two attempts.



non-minimal coupling Ⱪ╡▐

‚can be small as ~10.  

We can make a realistic model of inflation.
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I n the Einstein frame the 

effective potential becomes
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(2) General bounds

Hamada , Nakanish , Oda and HK: arXiv : 1709.9035

We trust the effective potential only below the string

scale,  and try to make bounds on the physical parameters .

We assume

a) Higgs field is the inflaton , and the inflation occurs  

beyond the string scale □▼Ḑ ἑἭἤ. 

b) We can trust field theory below the string scale.

We then have a lower bound on the vacuum energy at the 

inflation. 



Because ▐should roll down to 0, we have an equality

╥ἱἶἮ╥▐ □▼
□╪●.  

Because ╥ἱἶἮis proportional to the tensor perturbation as

═◄ 0.068 ╥ἱἶἮ(in Planck unit),

using the value ═▼ Ȣ , we have 

►
═◄

═▼
╥▐ □▼

□╪●Ⱦ Ȣ ἑἭἤ.

□▼ Higgs field value ▐

ὠἱἶἮ

slow roll

inflation

ὠἱἶἮ

Effective Higgs potential

Field theory can be trusted.

ὠ



This gives a rather strong constraint.
We can obtain bounds on possible modifications of SM.

flͯ
‖

ς
ὛὌ

ά ‖ σȢς4Å6

(Ex.)SM + Higgs portal scalar dark matter



ÅDesert

SM is valid to the string scale at least theoretically. 

SM might be directly connected to string theory without 

large modification.

ÅMarginal stability

Higgs field is near the stability bound. 

Å Zero bare mass

The bare Higgs mass is close to zero at the string scale. 

It implies that Higgs is a massless state of string theory.

Å Flat potential and Higgs inflation

Higgs self coupling and its beta function become zero at the

string scale. 

Higgs potential can be flat around the string scale, which

suggests the Higgs inflation.

SM aroundPlanck scale



2. Fine tunings by nature itself



There are several attempts to extend the 

conventional framework of the local field theory 

in order to solve the fine tuning problem.

Åasymptotic safety
Weinberg, Shaposhnikov, é

Åmultiple point criticality principle
Froggatt, Nielsen .

Åclassical conformality

Bardeen
Meissner, Nicolai,

Foot, Kobakhidze , McDonald, Volkas

Iso, Okada, Orikasa .

Åbaby universe and multi -local action
Coleman

Okada, Hamada, Kawana , Sakai, HK 

They are related.



Imagine a system that is described by the path 

integral of not the canonical ensemble

MPP of Froggatt and Nielsen

[ ] []( )exp ,d Sj j-ñ
but the micro canonical ensemble

[ ] []( ),d S Cj d j-ñ
or an even more general ensemble  (next slide)

[ ] [] []( )1 2, , .d f S Sj j jñ

Still the system is equivalent to the ordinary field 

theory in the large space -time volume limit.

But the parameters of the corresponding field theory 

are automatically fixed such that the vacuum is at a 

(multiple) criticality point .



In fact we can show that the low energy effective 

theory of QG / string theory is given by the 

multi -local action :
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Here ╞░are local scalar operators such as    

ȟ╡ȟ╡Ⱨⱨ╡
Ⱨⱨȟ╕Ⱨⱨ╕

Ⱨⱨȟⱶ♬Ⱨ╓ⱧⱶȟỄ.

Integrating coupling constants

Coleman ô89
Tsuchiya -Asano-HK



Appendix
Low energyeffective theory 

of quantum gravity



Consider Euclidean path integral which involves 

the summation over topologies,

We consider the Wilsonian low energy effective theory 

after integrating out the short -distance configurations .

Among such configurations there should be a wormhole -

like configuration in which a thin tube connects two points 

on the universe.  Here, the two points may belong to either 

the same universe or different universes.

[ ] ( )
topology

exp .dg S-äñ

If we see such configuration from the side of the large 

universe(s), it looks like two small punctures . 

But the effect of a small puncture is equivalent to an 

insertion of a local operator.

Coleman (ô89)



Summing over the number of wormholes, we have

bifurcated wormholes  

Ҝ cubic terms, quartic terms, é
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Therefore, after integrating out the metric of a 

wormhole, it contributes to the path integral  as
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Thus wormholes contribute to the path integral as



The effective action becomes a multi -local form
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End Appendix



Because ╢ἭἮἮis a function of ╢░õs , we can express 
ἭὀἸ░╢ἭἮἮby a Fourier transform as

( )( ) ( )1 2 1 2exp , , , , exp ,eff i i

i

iS S S d w i Sl l l l
õå

= öæ
ç ÷
äñ

where ⱦ░õs are Fourier conjugate variables to ╢░õs, 
and ◌ is a function of ⱦ░õs .
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Then the path integral for ╢ἭἮἮbecomes 

Because╞░are local operators,В░ⱦ░╢░is an ordinary 

local action where ⱦ░are regarded as the coupling 

constants.

Therefore the system is the ordinary field theory , 

but we have to integrate over the coupling constants

with some weight ◌ⱦ.



However, if a small region ⱦͯ ⱦ dominates the ⱦ
integral, it means that the coupling constants are fixed 

to ⱦ , and the theory is equivalent to a local field 

theory.

Nature does fine tunings
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Ordinary field theory

This theory is dangerous because the locality or 

causality might be broken.



We can give some explanation to MPP.  

Essence:

We can approximate  ╩ⱦ ἭὀἸ░╥╔○╪╬ⱦ ,

because our universe has been cooled down for long time.

1) extremum

If ╔○╪╬ⱦ is smooth and has an extremum at ⱦ╒, the 

stationary point dominates and we have

ἭὀἸ░╥╔○╪╬ⱦ ͯ
Ⱬ

░╥ȿ╔ ⱦ╬ȿ
♯ⱦ ⱦ╬ ╞

╥
.

Thus ⱦis fixed to ⱦ╒in the limit ╥ᴼЊ .

l

vacE

Cl

ô14 ô15 Hamada, Kawana, HK

space- time volume



2)  Kink (need not be an extremum)

If ╔○╪╬ⱦhas a kink (first order phase transition), 

╩ⱦ ἭὀἸ░╥╔○╪╬ⱦ

ͯ
░

╥ ╔○╪╬ᴂⱦ╬ ╔○╪╬ᴂⱦ╬
♯ⱦ ⱦ╬ ╞

╥

Thus ⱦis fixed to ⱦ╒in the limit ╥ᴼЊ. ᵼ  original MPP
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I f we consider the time evolution of universe, 

the definition of ╩ⱦ is not a priori clear.

For example, we need to specify the initial and 

final sates.

Generalization

However, even if we do not know the precise form 

of ╩ⱦ, we expect that ╩ⱦis determined by the 

late stage of the universe, because most of the 

space-time volume comes from the late stage .

From this we can make some predictions on ⱦõs
under some circumstances. 

Here we consider two cases.



QCDq

Z

1. It becomes important only after the QCD phase

transition .

2. The masses and life -times of hadrons are 

invariant under

Ᵽ╠╒╓O Ᵽ╠╒╓Ȣ

ҜWe expect that ╩is even in Ᵽ╠╒╓.

Ҝ Ᵽ╠╒╓is tuned to 0 if ╩behaves like

(1) Symmetry example Ᵽ╠╒╓ Nielsen, Ninomiya



Conditions:

1. Physics changes drastically at some 

value of the couplings.

2.  ╩is monotonic elsewhere.

Ҝ The couplings are tuned to the value,

as we have seen for kink.

(2) Edge or drastic change

l

Z

Cl

Examples:

Cosmological constant,

Higgs inflation,

Classical conformality, 

é

finite

V



In this way we may introduce 

the generalized MPP,

ò Coupling constants, which are relevant in low 

energy region, are tuned to values that 

significantly change the history of the universe 

when they are changed.ó



Many open questions

ÅDegenerate vacuum or flat potential?

ÅOrigin of the weak scale? 

ÅSmall cosmological constant?

ÅHow many parameters are tuned? 

Too much big fix?

Ҝ We need the precise form of ╩ⱦ.

Ҝ We should investigate the wave function 

of multiverse.                          Okada-HK

V



3. Emergence of weak scale 

from 

Planck scale

Based on a collaboration with J. Haruna, 
arXiv:1905.05656.



Weak scale as a non-perturbative effect

Basic assumptions:

(1) SM is directly connected to the string theory 

without large modification. 

(2) The fundamental scale is only the Planck/string 

scale, which appears as the cut-off of the low  

energy effective field theory.

Question:

How does the weak scale appear?

SM+

string 

ms

(3) Relevant operators (couplings with positive 

mass dimensions) are tuned by nature itself 

through the generalized MPP.



Everybodyôs guess:

Weak scale should appear as a non-perturbative 
effect.

Then it is related to the Planck scale as

□╗ ╜╟▄
ἫἷἶἻἼȢȾ▌▼Ȣ

And the large hierarchy is naturally understood.

Problem:

Find a phenomenologically acceptable mechanism.



Various possibilities:

1. QCD like dimensional transmutation.

ἝἍἎ ▄ἫἷἶἻἼȢȾ▌

Not compatible with weakly coupled Higgs.

2. Coleman-Weinberg mechanism.

a) Original idea is to explain SSB of SM from   

the massless Higgs. 

Not acceptable.  □╗Ḻ○╗
b) Additional gauge + complex scalar

Make a mass scale independently to the SM 

sector. Then transfer it to SM through VEV.

Possible to make an acceptable model.



3. Even simpler (simplest) model.

flꜚ ╢ ⸗ꜚ ⸗╢ ἤ

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢

For a while we assume the╩ ╩ invariance.

Ἠȡꜚᴼ ꜚ

Ἠȡ╢ᴼ ╢

More important assumption is the classical 
conformality .

Two real scalars. Adams, Tetradis



What is classical conformality?

This sounds nonsense for normal fields theorists: 
There is no quantum mechanical symmetrythat 
guarantees masslessness of scalars except SUSY.

Classical conformality

= ñrenormalized masses are 0ò 

On the other hand, once we accept the existence of 
self-tuning mechanism, classical conformality is 
one of the natural choices.

More concretely, we can take the MPP:

ñCoupling constants are fixed to critical points.ò

There are some variations in the meaning of 
ñcritical pointsò.



□ Ҝ ꜚ is metastable.

Ҝ Universe remains in that state for a while.

□ Ҝ ꜚ is unstable.

Ҝ Universe transitions quickly to another state. 

So the time evolution of the universe changes 
drastically at the point□ .

Suppose that the universe starts from ꜚ Ȣ

(1) Critical points for cosmological evolution

Critical values that the time evolution of universe 

changes drastically when they are changed.

Thus ñthe classical conformalityò is obtained.



(2) Critical points for the vacuum energy

Critical values that the phase of the vacuum 

changes when they are changed.

As we will see, there are various types of critical 
point.

In any case, renormalized masses are fixed to 
some values, and we have similar predictions.

For a while, we concentrate on the case of 
classical conformality .



3-1 SSB of the 2 scalar model



Two real scalar model

flꜚ ╢ ⸗ꜚ ⸗╢ ἤ

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢

Classical conformality :

⸗

⸗ꜚ
╥ἭἮἮȿꜚ ╢ ȟ

⸗

⸗╢
╥ἭἮἮȿꜚ ╢ .

Basic feature

For a large region of the parameter space, one of 
the fields has non-zero vacuum expectation value.



RG analysis

Assumption:  cut off at Planck scale,

ⱬȟⱬȟⱥ .

Beta functions:

♫ⱬ Ⱬ
ⱬᴂ ⱥ

♫ⱥ Ⱬ
ⱬⱥ ⱬⱥ ⱥ

♫ⱬ Ⱬ
ⱬ ⱥ

When we decrease the renormalization point, 
one of the couplings becomes zero.  

SM +
small modifications string 

□▼ͯ ╜╟

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢



We assume ⱬbecomes zero first at Ⱨ Ⱨz .

ὓ‘z

”ᴂ

‘

”

‖

This is possible if ⱥ ḻ ⱬ ⱬ .

Then it is expected 

ꜚ Ҝ╢becomes massive through 
ⱥ
ꜚ╢

Ҝ ╢

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢



One-loop effective potential

Effective potential for ╢ :  

If we take Ⱨ Ⱨz , this becomes  

ⱬⱧ

Ȧ
ꜚ

ⱬⱧ

Ⱬ
ꜚ ἴἷἯ

ⱬⱧꜚ

Ⱨ

╥ἭἮἮꜚȟ╢

ⱥⱧz

Ⱬ
ꜚ ἴἷἯ

ⱥⱧz ꜚ

Ⱨz

ⱥⱧ

Ⱬ
ꜚ ἴἷἯ

ⱥⱧꜚ

Ⱨ

‰loop Ὓloop

‰

ὠ

‘z

‖‘z

○

Ҝ ꜚ ○ ἫἷἶἻἼȢ ᶻ

ᶻ

A mass scale ○emerges.

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢



Relation between ○ἩἶἬ╜╟

For simplicity we consider the case 

ⱬ ⱬ Ḻⱥ Ḻ Ȣ

Then for Ⱨz Ⱨ ╜╟

ⱥⱧ ⱥͯȟ♫ⱬͯ
ⱥ

Ⱬ
. 

ҜⱬⱧ ⱬͯ
ⱥ

Ⱬ
ἴἷἯ

Ⱨ

╜╟

ⱬⱧz Ҝ Ⱨz ╜ͯ╟ἭὀἸ
Ⱬ ⱬ

ⱥ

Thus we have

Ҝ ○ͯ ╜╟ ⱥ
ἭὀἸ

Ⱬ ⱬ

ⱥ

Non- perturbative

♫ⱬ Ⱬ
ⱬ ⱥ

♫ⱥ Ⱬ
ⱬⱥ ⱬⱥ ⱥ



Masses of the particles

mass of ꜚ : ╜ꜚ
▀

▀ꜚ
╥ἭἮἮ

ꜚ ○

ⱥⱧz

Ⱬ
○

mass of ╢: ╜╢
ⱥⱧz

○

If ⱥḺ ȟἼhe general pattern is

○ḻ╜╢ḻ╜ꜚ .

For example,

ⱥⱧz Ȣ1  ᵼ ○Ḋ╜ⱴḊ╜ꜚ ḊȢḊ Ȣ .

╥ἭἮἮꜚȟ╢
ⱥⱧz

Ⱬ
ꜚ ἴἷἯ

ⱥⱧz ꜚ

Ⱨz

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢



3-2 Coupling to SM



Incorporating two real scalar model into SM

fl fl╢╜ flꜚ╢ ἤἒꜚ ╢

We assume thatfl╢╜does not contain the Higgs 
mass term because of the classical conformality .

In general, we should consider the mixing 
between Higgs and ꜚȡ

Total action:

ἤἒꜚ ╢

Ɫ
ꜚ ἒ

Ɫ
╢ ╗

ἼἩἶⱣͯ
○╗

○
ȟ ○╗ͯ ἑἭἤȟ○ ꜚ .

If ○ḻ○╗ , the mixing is small.

Farzinnia- He- Ren, Sannino- Virkajarvi.

K.Ghorbani- H.Ghorbani, Jung- Lee- Nam.



In that case, the Higgs potential is given by

□╗ Ɫ○ȟ

which means

ⱦ╗
Ɫ
ꜚ ȿ(ȿ,

and the rest is the same as SM:

╗
□╗

ⱦ
.

Weak scale is generated non-perturbatively
from the Planck scale, as

╜╟ᴼ ꜚ ᴼ ╗ .

ἤἒꜚ ╢

Ɫ
ꜚ ἒ

Ɫ
╢ ╗



╢as dark matter

no vev: ╢

heavy but not too heavy: ╜╢
ⱥⱧz
○

couples to Higgs: 
Ɫ
╢ ╗

It is natural to regard ╢as the Higgs portal scalar 
dark matter.

Property of ╢



Two scalar model has 3 parameters ⱬȟⱬȟⱥin 
addition to ╜╟.

ⱬis replaced by ꜚ ○.

ⱥgives the ratios of ╜ꜚȟ╜╢ȟ○.

ⱬᴂis the self coupling of ╢.

Coupling to the Higgs has 2 parameters.

Ɫis determined by  □╗ Ɫ○.

Ɫᴂgives coupling between Higgs and ╢.

Parameters of the model

Ҝ Only ⱥis new compared with the Higgs 

portal scalar dark matter scenario.

ἤἒꜚ ╢

Ɫ
ꜚ ἒ

Ɫ
╢ ╗

ἤ
ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢



Examples

(1) ⱥ Ȣȟ╜╢ ἢἭἤ

Ҝ╜ꜚ ἑἭἤȟ○ ȢἢἭἤȟⱣ Ȣ

(2) ⱥ Ȣȟ╜╢ ἢἭἤ

Ҝ╜ꜚ ἑἭἤȟ○ ἢἭἤȟⱣ Ȣ

If we assume the Higgs inflation, (1) seems typical.

It predicts a light scalar ~ ἑἭἤ, which may be 
tested in near future experiments.



3-3 Other criticalities than 

classical conformality



Two real scalar model revisited

flꜚ ╢ ⸗ꜚ ⸗╢ ἤ

ἤ
□
ꜚ

ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬ

Ȧ
╢

As we have discussed,

classical conformality is the assumption that the 
bare mass should be tuned so that the 
renormalized mass becomes zero:

ἵ .

This is a critical point in that the time evolution of 
universe drastically changes at ἵ .

But there is another kind of critical point, that is, 
the 1-st order phase transition point.



╥ἭἮἮꜚȟ╢

ⱥⱧz

Ⱬ
ꜚ ἴἷἯ

ⱥⱧz ꜚ

Ⱨz

‰

ὠ

‘z

‖‘z

○

Classical conformality 1-st order phase transition 

□╒
ꜚ

ⱥⱧz

Ⱬ
ꜚ ἴἷἯ

ⱥⱧz ꜚ

Ⱨz

‰

ὠ

○╒

○╒ ○Ⱦ▄

╜ᴂꜚ ╜ꜚȾ



1-st order phase transition point is as plausible 
as classically conformality .

At any rate,

the generated mass scales ○ȟ╜ꜚȟ╜╢change only 

by numerical factors.

Again we can say that the weak scale emerges from 
the Planck scale.

We can not tell which one is favored by nature 
unless we know the precise mechanism of MPP.



Further generalization

We can set ▌ by shifting .ꜚ

Ҝ 4 relevant parameters.

So far we have assumed ╩ ╩ symmetry.

Here we assume ╩ only for ╢.

Then the action has 5 parameterswith positive 
mass dimensions (relevant parameters):

flꜚ ╢ ⸗ꜚ ⸗╢ ἤ

ἤ ▌ꜚ
□
ꜚ

▐

Ȧ
ꜚ

Ɑ
╢ꜚ

□
╢

ⱬ

Ȧ
ꜚ

ⱥ
ꜚ╢

ⱬᴂ

Ȧ
╢



Here we assume that all the relevant parameters 
are fixed by the generalized MPP.

Instead of seeking the general solutions, here we 
construct a special solution. 

First we take the conditions □ □ .

In fact these are criticality conditions because  

the behavior ofἤἭἮἮͯ
□
ꜚ

□
╢

around ꜚ ╢ changes drastically depending 
on the signs of □ and □ .

The problem is to find tetra critical points in the 
space of 4 parameters □ ȟ▐ȟⱭȟ□ .

ἤ
□
ꜚ

▐

Ȧ
ꜚ

Ɑ
╢ꜚ

□
╢+é



Then we take the condition Ɑ .

Again this is a criticality condition because 

the behavior of ἤἭἮἮͯ
▐

Ȧ
ꜚ

Ɑ
╢ꜚ changes 

drastically depending on the signs of Ɑ.

Then the only remaining parameter is ▐.

We determine it by the criticality condition of

the effective potential as in the case of 1-st 

order phase transition:
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Mass scales ○ȟ╜ꜚȟ╜╢are similar to the 

previous ones.

Again the weak scale emerges from the Planck 
scale non-perturbatively .

These do not have ╩ symmetry for Ȣꜚ

Ҝ No cosmological domain wall problem.



In wide classes of quantum gravity or string theory, 

the low energy effective action has the multi local form:

The fine tuning problem might be solved by the 

dynamics of such action. 

eff .i i i j i j i jk i j k

i i j i jk

S c S c S S c S S S= + + +ä ä ä

Summary

We need a good definition of the path integral for such 

action, but as an ad hoc assumption we can consider 

the generalized MPP and make non-trivial predictions.



Appendix A
Low energyeffective theory of
quantum gravity/string theory



Consider Euclidean path integral which involves 

the summation over topologies,

We consider the low energy effective theory after 

integrating out the short -distance configurations .

Among such configurations there should be a wormhole -

like configuration in which a thin tube connects two points 

on the universe.  Here, the two points may belong to either 

the same universe or different universes.

[ ] ( )
topology

exp .dg S-äñ

If we see such configuration from the side of the large 

universe(s), it looks like two small punctures . 

But the effect of a small puncture is equivalent to an 

insertion of a local operator.

Coleman (ô89)



Summing over the number of wormholes, we have

bifurcated wormholes  

Ҝ cubic terms, quartic terms, é

[ ] ( )4 4

,
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Therefore, a wormhole contributes to the path 

integral  as
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Thus wormholes contribute to the path integral as



The effective action becomes a multi -local form
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By introducing the Laplace transform 

[ ] ( ) ()[ ]effexp exp .i i

i

Z d S d w d Sf l l f l
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äñ ñ ñ

Coupling constants are not merely constant, but 

they should be integrated.

( )( ) ( )eff 1 2 1 2exp , , , , exp ,i i

i

S S S d w Sl l l l
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we can express the path integral as 


