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Aim of the talk

Present a renormalizable and realistic SU(5) GUT were 
the QCD axion is dark matter and its mass can be 

predicted in a small range
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This mass prediction will be fully probed by 
proton decay and axion experiments



Alexis Plascencia

Outline of the talk
1. The QCD axion

2. Experimental searches

3. SU(5) GUTs and the axion mass

4. Conclusions
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Strong CP problem 

4

In the chiral effective 
theory we get the following 
interaction:

[Crewther, Vecchia, Veneziano, Witten 1979]

n
θ
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In the chiral effective 
theory we get the following 
interaction: Consequently, this parameter 

leads to an electric dipole 
moment (EDM) for the neutron 

[Crewther, Vecchia, Veneziano, Witten 1979]

n
θ

Strong CP problem 
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The current experimental bound on the neutron's EDM is:

The phase in the quark mass matrix can be rotated and it will 
reappear in              , and hence, the physical parameter is

Strong CP problem 



The axion
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The axion provides a dynamical explanation for why         is small

Introduces global U(1)PQ symmetry, broken at high scale fa 

In the early universe, at high temperatures  ΛQCD < T < fa   , the axion 
behaves as massless Goldstone boson 

a

V(a)

[Marsh 2015]

[Peccei, Quinn, Weinberg Wilczek]



The axion: a pseudo-Goldstone boson
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T < TQCD non-perturbative effects 
explicitly break this symmetry, the 
axion potential becomes: 

[di Cortona, Hardy, Pardo Vega and Villadoro 2015]

Absorb     by redefining 
the axion field



The axion: a pseudo-Goldstone boson

9

T < TQCD non-perturbative effects 
explicitly break this symmetry, the 
axion potential becomes: 

[di Cortona, Hardy, Pardo Vega and Villadoro 2015]

The potential is 
minimized for  

Absorb     by redefining 
the axion field

Dynamical solution 
to the strong CP 

problem



Strong CP problem
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Axion gets a mass       fa >> EW

[di Cortona, Hardy, Pardo Vega and Villadoro 2015]



Initially, the axion field value 
is frozen due to Hubble friction
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TIME 

[Marsh 2015]

The equation of motion for the axion is

Cosmological evolution



Then, axion starts to oscillate 
around the minimum a = 0

Hubble friction

12TIME [Marsh 2015]

The equation of motion for the axion is



Automatic dark matter candidate

Axion starts to oscillate around the minimum a = 0

and the energy density associated with this axion goes as 

  

Which is the same as non-relativistic matter

The axion background field behaves as cold dark matter

In any theory with a light axion, the latter is inevitably a component of 
dark matter

*In contrast to the WIMP, this is a non-thermal DM candidate
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Parameter space 
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Large parameter space, the axion 
mass can be anywhere in the range:

13 orders of magnitude to 
explore!
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How can we make theoretical 
prediction for fa? It is difficult to 
predict a small window for the 
scale of new physics

Still, 7 orders of magnitude to 
explore! 

Parameter space 



2. Experimental 
searches
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Where to find the axion?
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Go to any Mexican supermarket!

Physics folklore is that  Frank Wilczek named the axion after washing 
detergent because it “cleaned up” the strong CP problem



Experimental searches
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Axion has an effective 
coupling to photons

Axion-photon conversion 
in strong magnetic field B

Primakoff effect



19Summary of experimental bounds from  [Irastorza & Redondo 2018]

How do we look for the axion?



20Summary of experimental bounds from  [Irastorza & Redondo 2018]

How do we look for the axion?

Axions from 
the Sun



21Summary of experimental bounds from  [Irastorza & Redondo 2018]

How do we look for the axion?

Cooling of stars



22Summary of experimental bounds from  [Irastorza & Redondo 2018]

How do we look for the axion?

Axion DM conversion 
to photons



ABRACADABRA

23B0

[Kahn, Safdi & Thaler 2016]

In the presence of an external 
magnetic field, the axion will induce an 

oscillating magnetic field.

ABRACADABRA (A Broadband/Resonant Approach to Cosmic Axion 
Detection with an Amplifying B-field Ring Apparatus)



ABRACADABRA
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B0
[Kahn, Safdi & Thaler 2016]

BindBind



ABRACADABRA
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B0
[Kahn, Safdi & Thaler 2016]

BindBind



ABRACADABRA
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Decouple volume from 
axion mass!

Probe axions whose 
Compton wavelength is 
much larger than the size 
of the toroid

● Most axion experiments use resonant enhancements. 

● Broadband circuits can have better sensitivity for lighter axion 
masses

● At low-frequencies untuned SQUID magnetometers can be 
highly sensitive  

Diagram from [Irastorza & Redondo 2018]

[Kahn, Safdi & Thaler 2016]



ABRACADABRA
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[Kahn, Safdi & Thaler 2016]



ABRACADABRA

28
[Kahn, Safdi & Thaler 2016]

GUT scales!



CASPEr-Electric
By definition, the QCD axion has the coupling
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In the chiral effective theory, this coupling gives rise to the dim-5 
operator 

[Graham & Rajendran 2013]

oscillating neutron electric 
dipole moment

frequency = axion mass 

axion dark matter 
background



Oscillating nEDM
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Measure the spin 
precession as it 
oscillates with 

[Jackson Kimball et al 2018]

applying techniques 
from nuclear 

magnetic resonance 



CASPEr-Electric
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[Budker, Graham, Ledbetter, Rajendran & Sushkov 2014]

Phase II



CASPEr-Electric
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[Budker, Graham, Ledbetter, Rajendran & Sushkov 2014]

fa GUT scales!

Phase II

Phase III



Black hole superradiance
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axionic cloud

accretion disk

Inside the ergosphere, angular 
momentum can be extracted 
from the black hole

Axionic cloud forms around 
fastly rotating black holes

Only relies on gravitational 
interaction!

*does not depend on axion 
being DM

We could also detect the axion to 
photon coupling in the axion cloud 
Polarization-dependent effects
[ADP & Urbano  2017]

Penrose process
Black-hole bomb   [Press, Teukolsky 1972]

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, 
March-Russell 2009]



aaaa
aaaaa

[Arvanitaki, Baryakhtar, Huang 2015]
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Black holes must spin-down due 
to energy extraction from the axion 
cloud

Black holes are not expected to 
have high spin!



aaaa
aaaaa

[Arvanitaki, Baryakhtar, Huang 2015]

These measurements seem to 
rule out

more BH spin measurements are   
needed for stronger statistical 
significance
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Black holes must spin-down due 
to energy extraction from the axion 
cloud

Black holes are not expected to 
have high spin!

LIGO will 
populate this 

plot



3.1 SU(5) GUT 
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Georgi-Glashow SU(5) unification
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The smallest group that contains SU(3)C × SU(2)L × U(1)Y as a subgroup is SU(5)

Charge quantization

Universal 
coupling



Georgi-Glashow SU(5)
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All the fermions in the SM fit in representations of SU(5)

The 15 Weyl degrees of freedom fit perfectly in a 5 and a 10



Georgi-Glashow SU(5)
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All the fermions in the SM fit in representations of SU(5)

The 15 Weyl degrees of freedom fit in a 5 and a 10



Georgi-Glashow SU(5)
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All the fermions in the SM fit in representations of SU(5)

The 15 Weyl degrees of freedom fit in a 5 and a 10



Georgi-Glashow SU(5)
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All the fermions in the SM fit in representations of SU(5)

The 15 Weyl degrees of freedom fit in a 5 and a 10



Georgi-Glashow SU(5)
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All the fermions in the SM fit in representations of SU(5)

The 15 Weyl degrees of freedom fit in a 5 and a 10



Georgi-Glashow SU(5)
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Need new scalar representation to break into SM

This can be achieved when neutral part Σ0 inside the 24H (Adjoint) 
gets a non-zero vev



Georgi-Glashow SU(5)

44

SM Higgs H doublet lives in 5H 



Problems with minimal SU(5)
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1. The measured values of the gauge couplings at the low scale 
cannot be reproduced

2. It predicts a relation between the masses for the charged leptons 
and the down-type quarks

3. Neutrinos are massless 

Minimal Georgi-Glashow SU(5) is ruled out!



3.2 How can we predict fa?
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SU(5) x U(1)PQ

Implement Peccei-Quinn global symmetry U(1)PQ

The aim is to implement the Dine-Fischler-Srednicki-Zhitnitsky 
(DFSZ) axion mechanism in a GUT

1) Second Higgs doublet

2) Singlet complex scalar
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Axion lives mostly inside the singlet 

The mixing term in the potential that leads to the DFSZ axion is 

Through scalar mixing axion couples to SM quarks and leptons

[Wise, Georgi, Glashow 1981]



Wise-Georgi-Glashow SU(5) x U(1)PQ

Introduce a second Higgs 5H’  and impose  a global PQ symmetry 
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The mixing term in the potential that leads to the DFSZ axion is 

Analogous to the standard DFSZ term:



Wise-Georgi-Glashow SU(5) x U(1)PQ

The scalar 24H becomes a complex field

Charged under U(1)PQ :      24H  → 24*H 
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This breaks 
simultaneously 
SU(5) and U(1)PQ

GUT 
scale

PQ 
scale

Recent work connecting scales:

SO(10) [Ernst, Ringwald, Tamarit 2018]
SU(5) [Di Luzio, Ringwald, Tamari 2018]



Renormalizable SU(5)
Our aim is to implement PQ in renormalizable SU(5)

Add a 45H scalar representation and the Yukawa terms

￼



Renormalizable SU(5)
Our aim is to implement PQ in renormalizable SU(5)

Add a 45H scalar representation and the Yukawa terms

￼
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Realistic masses for the charged fermions

Now we can have that  Me ≠ Md



Gauge coupling unification
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This conditions are not satisfied in minimal SU(5)

Conditions for 
unification of the 
gauge couplings

Renormalization group equations

[Giveon, Hall, Sarid 1991]



Gauge coupling unification
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The components in the 45H help achieve unification

Correct values of gauge couplings at the 
electroweak scale

These fields help achieve unification



Gauge coupling unification

54

The components in the 45H help achieve unification

             Lead to proton decay

Correct values of gauge couplings at the 
electroweak scale



Gauge coupling unification
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Satisfies Unification 
Constraints



Bounds from the LHC
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LHC bound on colored scalar

Gives the upper bound on the 
GUT scale

[Pich & Miralles 2019] 



Bounds from proton decay
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u

d

u u

s

 ν

p

K+

_

_

Channels into 
anti-neutrinos only 

depend on known CKM 
matrix elements



Bounds from proton decay
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Super-Kamiokande 

[Phys. Rev. D90 (2014) 072005]

u

d

u u

s

 ν

p

K+

_

_



Bounds from proton decay
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Hyper-Kamiokande:

Window for the GUT scale:

DUNE:

Super-Kamiokande 

[H-K Design Report, 1805.04163]

[Conceptual Design Report 1512.06148]

Super-Kamiokande 

[Phys. Rev. D90 (2014) 072005]



Gauge coupling unification
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Adjoint SU(5) x U(1)PQ
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The terms in the scalar potential relevant for the DFSZ mechanism are:

The axion is a linear combination of the phases of these fields:



Adjoint SU(5) x U(1)PQ
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The axion is a linear combination of the phases of these fields:

axion 
field

1 ) Orthogonality of the physical fields

2) Correct normalization of the kinetic term 

we can solve for the PQ coefficients



Adjoint SU(5) x U(1)PQ
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 Perform chiral rotation on quarks to compute the term

a
q

q
_



Adjoint SU(5) x U(1)PQ
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N defines the color anomaly:

Peccei-Quinn scale GUT scale
[Gorghetto and Villadoro, 2018]



DFSZ in SU(5) x U(1)PQ
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DFSZ in SU(5) x U(1)PQ
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DFSZ in SU(5) x U(1)PQ
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DFSZ in SU(5) x U(1)PQ

68[Fileviez Perez, Murgui & ADP 2019]



DFSZ in SU(5) x U(1)PQ
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DFSZ in SU(5) x U(1)PQ
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DFSZ in SU(5) x U(1)PQ
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Correlation between proton decay 
lifetimes and axion mass
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Neutrino masses
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3 singlet right-handed neutrinos

Type-I seesaw



Neutrino masses
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3 singlet right-handed neutrinos

Type-I seesaw

Zee radiative model



3.3 KSVZ axion in GUT
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What about the KSVZ mechanism?
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Minimal GUT theory where PQ can be realized
(by number of representations)

Minimal SU(5) 
Georgi-Glashow 

There is a second implementation of the PQ symmetry: The 
Kim-Shifman-Vainshtein-Zakharov (KSVZ) mechanism



What about the KSVZ mechanism?
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Minimal GUT theory where PQ can be realized
(by number of representations)

Minimal SU(5) 
Georgi-Glashow 



What about the KSVZ mechanism?
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Minimal GUT theory where PQ can be realized
(by number of representations)

Realistic masses for charged fermions

Gauge coupling unification

Scalar



What about the KSVZ mechanism?
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Neutrino masses

Fermionic

Minimal GUT theory where PQ can be realized
(by number of representations)



Neutrino masses
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Type-I

Neutrino masses



Neutrino masses
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Type-I Type-III

Neutrino masses



Neutrino masses
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Adjoint SU(5) field content:
[Fileviez Pérez 2007] 

Type-I Type-III

Radiative 
colored seesaw

Neutrino masses



Adjoint SU(5) x U(1)PQ
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We can implement the KSVZ mechanism for the axion, with 
the following Yukawa term

Analogous to the standard KSVZ Yukawa term



Adjoint SU(5) x U(1)PQ
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a
ρi

ρi

_



Adjoint SU(5) x U(1)PQ
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Peccei-Quinn scale GUT scale



Adjoint SU(5) x U(1)PQ
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Adjoint SU(5) x U(1)PQ
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LHC



KSVZ in SU(5) x U(1)PQ

88[Fileviez Perez, Murgui & ADP 2019]



89[Fileviez Perez, Murgui & ADP 2019]

KSVZ in SU(5) x U(1)PQ



Summary
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● The QCD axion provides a dynamical explanation for the smallness 
of      and  it is a good dark matter candidate

● Even though its mass is an arbitrary parameter, it can be predicted if 
GUT and PQ scales are connected

● The minimal renormalizable GUT with the DFSZ mechanism 
SU(5)GG + 45H + 5’H  predicts ma = (2 - 16) neV

● For the KSVZ mechanism we have SU(5)GG + 45H + 24F  which 
predicts ma = (3 - 13) neV

● Both of these predictions will be fully probed in the future by the 
ABRACADABRA and CASPEr-Electric experiments

Thank you



Backup
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Axion mass prediction
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SU(5) x U(1)PQ
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Lower bound on 24
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The deflection angle from gravitational lensing will be polarisation 
dependent

Observation will be a double image of the source. One with 
left-circular polarisation and the other with right-circular polarisation

Source with linear polarisation, e.g. synchrotron emission from active 
galactic nuclei (AGNs)

Polarisation-dependent bending of light
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Quasar

[ADP & Urbano  2017]



Angular splitting

Axion-like particles (ALPs)
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