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✤ There are two main reasons, 

- A quantum field theory of gravity suffers from divergences. 

- The cosmological constant problem, aka the value of the energy density of the 
vacuum has an extremely small value.

✤ Until now, the only theory that gives a consistent description of quantum gravity is 
string theory, which provides a natural cutoff, the string scale, protecting the theory 
from divergences. 

✤ On the other hand, new holographic ideas relate large-N gauge theories to string 
theories (which contain gravity) providing a different approach to this problem.



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. Kiritsis



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. 

✤ The Standard Model is just a small sector of the Cosmos and it couples to the rest of 
the universe via messengers.

Kiritsis



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. 

✤ The Standard Model is just a small sector of the Cosmos and it couples to the rest of 
the universe via messengers.

✤ The “rest of the universe” is a hidden, in the IR (and consequently to us), 4D quantum 
field theory (which is in principle arbitrary).

Kiritsis

Nielsen



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. 

✤ The Standard Model is just a small sector of the Cosmos and it couples to the rest of 
the universe via messengers.

✤ The “rest of the universe” is a hidden, in the IR (and consequently to us), 4D quantum 
field theory (which is in principle arbitrary).

✤ In this framework, gravity is emergent.

Kiritsis

Nielsen



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. 

✤ The Standard Model is just a small sector of the Cosmos and it couples to the rest of 
the universe via messengers.

✤ The “rest of the universe” is a hidden, in the IR (and consequently to us), 4D quantum 
field theory (which is in principle arbitrary).

✤ In this framework, gravity is emergent.

✤ In the present talk we will focus on other emergent fields: the axions.

Kiritsis

Nielsen



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. 

✤ The Standard Model is just a small sector of the Cosmos and it couples to the rest of 
the universe via messengers.

✤ The “rest of the universe” is a hidden, in the IR (and consequently to us), 4D quantum 
field theory (which is in principle arbitrary).

✤ In this framework, gravity is emergent.

✤ In the present talk we will focus on other emergent fields: the axions.

✤ These fields are the instanton densities   of the hidden sector.a ∼ Tr[ ̂F ∧ ̂F]

Kiritsis

Nielsen



Motivation

✤ In this talk we will focus on the assumption that all interaction in nature are described by 
four-dimensional quantum field theories. 

✤ The Standard Model is just a small sector of the Cosmos and it couples to the rest of 
the universe via messengers.

✤ The “rest of the universe” is a hidden, in the IR (and consequently to us), 4D quantum 
field theory (which is in principle arbitrary).

✤ In this framework, gravity is emergent.

✤ In the present talk we will focus on other emergent fields: the axions.

✤ These fields are the instanton densities   of the hidden sector.a ∼ Tr[ ̂F ∧ ̂F]

✤ They are protected by their topological invariance and therefore they do not acquire 
heavy masses in contrary to other scalar operators.
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✤ Standard Model is just a small part of the Cosmos.

✤ The “rest of the universe” is a hidden in the IR (and consequently to us) 4D quantum 
field theory which is in principle arbitrary. 

✤ The two separate sectors are connected via messenger fields.
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- It is UV-complete: all the extreme UV region are either asymptotically free or 
conformal.

- Size is enormous and its structure is random. 

- However, we will assume  with  from large (to astronomical) values.SU(Ni) Ni

- At weak coupling (IR) the hidden theory contains: vectors , scalars  and 
spin-1/2 particles  (the simplest QFTs).
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Framework

✤ Messengers

- They transform under both the SM and the hidden sector.

- They are massive and they can be heavy/light (depending on the hidden sector).

- In our case we assume to be heavy.

SM

messengers

Kiritsis
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SM
Hidden QFTN 

IR picture

messenger mass mixing terms between the two sectors

Tr[ ̂F ⋅ ̂F] ∼ ϕ
Tr[ ̂F ∧ ̂F] ∼ a(x)

̂Tμν ∼ g μν̂Tμν

Tr[ ̂F ∧ ̂F]
Tr[ ̂F ⋅ ̂F]

 operators in Hidden Sector                          weakly coupled fields for the visible Sector

SM

messengersUV picture
Hidden !  QFTN
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✤ In this framework, gravity is an avatar of the Hidden QFT, and the graviton is

✤ It is massless and realise the correct action (at linear or non-linear level)

where  the coupling between the stress tensors of the hidden and visible theories.λ

✤ The cosmological constant is given by                                  .

✤ The theorem of Weinberg-Witten is inapplicable in this case since the final gravitational 
theory has a non-trivial cosmological constant.
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✤ We will focus on axions : pseudoscalar fields witha

‣ a) a shift symmetry and 

‣ b) they couple to instanton densities.

✤ In this talk, we will argue that axions naturally appear in the above framework.

✤ They are  , “composite” operators of the fields of the hidden sector. a = Tr[ ̂F ∧ ̂F]

✤ In contrary to other scalar operators, they do not acquire masses of the messenger scale 
M and therefore they can be light and visible at low energies.

✤ Our goal is to study their properties in various different cases and compare with data.
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✤ The emergent field  is CP-odd (pseudoscalar).a = Tr[ ̂F ∧ ̂F]

✤ Is it an axion?

✤ As we will show, 

‣ It couples linearly to the SM instanton density Tr[ ̂F ∧ ̂F] Tr[F ∧ F] → a Tr[F ∧ F]

‣ There is an associated U(1) symmetry which is broken by instantons.

✤ Therefore we certainly have an ALP (axion-like-particle).

✤ Whether it is a QCD axion (potential has a min at 0) has to be checked.
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✤ In this framework, SM and hidden instanton densities mix  .Tr[F ∧ F]Tr[ ̂F ∧ ̂F]

✤ To check this, we assume fermionic massive messengers, charged under both SM and 
hidden sector and consider a 1-loop amplitude

✤ The effective action finally is
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✤ To check this, we assume fermionic massive messengers, charged under both SM and 
hidden sector and consider a 1-loop amplitude

✤ The effective action finally is

✤ Our goal is to focus in this coupling.
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✤ Consider the interaction between two theories  (= Hidden) and  (= SM)T1 T2

where  are operators of dimension .Oi = Tr[Fi ∧ Fi] Δi ( = 4)

2-point function

S = S1[O1] + S2[O2] + �

Z
d
4
x O1(x)O2(x)

<latexit sha1_base64="4z4KgnfQDFYHI1CMPhggQ+/0ec8="></latexit>



✤ We want to examine the effect of a generic scalar-scalar interaction between two 
theories and the IR “resolution”.

✤ Consider the interaction between two theories  (= Hidden) and  (= SM)T1 T2
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✤ Consider the interaction between two theories  (= Hidden) and  (= SM)T1 T2

where  are operators of dimension .Oi = Tr[Fi ∧ Fi] Δi ( = 4)

✤ Following the standard procedure (Schwinger functional, Legendre transformations) 
we get

where  .Gii(p) = ⟨Oi(p)Oi(− p)⟩i

✤ This is the propagator of the , in the presence of the interaction term  .O1 λO1O2
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✤ Next, we want to evaluate the effective mass and decay constant of the operator  of 
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p2

m2
h

+O

✓
p4

m4
h

◆�

<latexit sha1_base64="NcgixNmOHNyvRyPLWWdjg0vNHIc="></latexit>

iGSM ,SM = p4 log
p2

m2
SM


b̂0 + b̂2

m2
SM

p2
+O

✓
m4

SM

p4

◆�
, p � mSM

<latexit sha1_base64="HDNB6LwF+Uh1JkmF3BwCgxZghqQ="></latexit>

1

Ghh(p)
� �2GSMSM (p)

<latexit sha1_base64="RiJJ+skjbdu5DeiVCKNNp9gJEAc="></latexit>

m2
a =

ā0
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m2
h

p2
+O

✓
m4

h

p4

◆�
, p � mh

<latexit sha1_base64="8Gym2X9GMN3nEr0a5a6yUYLWES4="></latexit>

1� �2Ghh(p)GSMSM (p)

Ghh(p)
= f2

a (p
2 +m2

a) +O[p4]
<latexit sha1_base64="+QNKd6e11vBFYYEXHitX92A5w/8="></latexit>



✤ In that case, hidden glueballs are fat and unstable but SM ones are pointlike with

✤ In that regime,  is a non-standard non-local axion kinetic term and⟨aa⟩− 1 ∼ M8 log |x |

which is valid only for .m− 1
SM

< ℓ < m− 1
h

For !mh ≪ p ≪ mSM

iGSM ,SM (p) = m
2�

SM
�4

SM


b̄0 � b̄2

p2

m2
SM

+O

✓
p4

m4
SM

◆�

<latexit sha1_base64="HU6ni3FljUnfo5lOekCNkrVSR80="></latexit>

iGh,h(p) = p4 log
p2

m2
h
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✤ Again, deeper analysis is needed for these models.
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✤ Dark Matter axions

✤ Dark Energy axions

✤ Axions as Inflatons: (very much model dependent)

✤ Heavy Axions ( !  > 1eV)

                                                                          or

✤ QCD axions
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a

✤ From the assumption , and the weakest bound for  we getmSM ≪ M fa < MP

  :    composite axions       heavy axions   ma ≫ 10eV ⟶

✤ If in addition we consider the relation between  we havemSM, mh

‣ if      we have       mh < mSM mSM ≪ M ≲10TeV

‣ if      we have       mSM < mh mSM < ma ∼ mh ≪ fa < MP

✤ For QCD axions we have:    (ma fa)1/2 ∼ (muΛ3
QCD)1/4 ∼ 10− 1GeV ∼ mSM

In our case    violating our initial assumption.M2 ∼ ma(ma fa)1/2 ∼ mh mSM

Comparison with data
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✤ We consider Cosmos as the SM and a hidden 4D QFT which communicate via massive 
messengers.

✤ In this frame work gravity is emerging via the stress tensor of the hidden sector.

✤ As a byproduct we have axions (instanton densities) which, in contrary to other scalar 
operators, are not suppressed by the large messenger masses.

✤ The hidden instanton density generates an emergent axion coupled to the SM. The 
characteristic decay constant of the emergent axion is 

where  the characteristic scale of the hidden theory. mh idden
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✤ The mass of the emergent axion has two contributions. 

- One due to SM quantum effects   as with standard axions. ∼ Λ2
QCD /fa

- In addition (unlike fundamental axions), has also a contribution from the hidden 
theory order  .mh idden

✤ Some regions of the parameter space of our models provide non-standard non-local 
kinetic terms and deeper study is required.

Conclusions


