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 The Strong CP Problem in the Standard Model 
 The QCD Axion Solution
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 Axion Stability 
 Axion Production in the Early Universe
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 Flavor Symmetries 
 Axions with flavor-violating Couplings
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Looking for Axion Dark Matter with Flavor 

 in Flavor Factories (Belle II, NA62, Mu3e…) 
 in SN1987A  
 in the Early Universe
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Dark Matter 

astrophysical and cosmological observations require new form of matter 
contributing to energy density of universe ~5x more than SM baryons 

The Strong CP Problem 

CP violation in strong interactions is found to be tiny (from measurements 
of neutron electric dipole moment), left unexplained in SM 

 The Flavor Problem 

Fermion masses are small compared to the weak scale  
(but protected by symmetry against radiative corrections)

May 19, 2021!7

Motivation: SM Failures and Puzzles
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Gauge and Lorentz symmetries allow “QCD 𝜃-term”    
in SM Lagrangian, which violates P and CP 

Total derivative → only non-perturbative effects 
from instantons: 𝜃 is actually angular parameter 

Contributes to electric dipole moment of neutron, 
which has stringent upper experimental bound  

May 19, 2021!8

The Strong CP Problem
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FIG. 1: A classical picture of the neutron. From this picture, an estimate of the neutron eDM may be made.

II. THE STRONG CP PROBLEM AND ITS SOLUTIONS AT THE CLASSICAL LEVEL

A. The Strong CP problem

At its heart, the Strong CP problem is a question of why the neutron electric dipole moment (eDM) is so
small. It turns out that both the problem and all of the common solutions can be described at the classical level.
Classically, the neutron can be thought of as composed of a single charge 2/3 up quark and two charge �1/3 down
quarks. Asking a student to draw the neutron usually ends up with something similar to that in Fig. 2. If asked to
calculate the eDM of the neutron, the student would simply take the classical formula

~d =
X

q~r. (1)

Using the fact that the neutron has a size rn ⇠ 1/m⇡, the student would then arrive at the classical estimate that

|dn| ⇡ 10�13
p

1 � cos ✓ e cm (2)

Thus we have the natural expectation that the neutron eDM should be of order 10�13e cm. Because eDMs are a
vector, they need to point in some direction. The neutron has only a single vector which breaks Lorentz symmetry,
and that is its spin. Thus the eDM will point in the same direction as the spin (possibly with a minus sign).

Many experiments have attempted to measure the neutron eDM and the simplest conceptual way to do so is
via a precession experiment. Imagine that an unspecified experimentalist has prepared a bunch of spin up neutrons
all pointing in the same direction. The experimentalist then applies a set of parallel electric and magnetic fields to
the system, which causes Larmor precession at a rate of

⌫± = 2|µB ± dE|. (3)

After some time t, the experimentalist turns o↵ the electric and magnetic fields and measures how many of the
neutrons have precessed into the spin-down position. This determines the precession frequency ⌫+. The experimen-
talist then redoes the experiment with anti-parallel electric and magnetic fields. This new experiment determines
the precession frequency ⌫�. By taking the di↵erence of these two frequencies, the neutron eDM can be bounded.
The current best measurement of the neutron eDM is [1–3]

|dn|  10�26e cm. (4)

We have thus arrived at the Strong CP problem, or why is the angle ✓  10�13? Phrased another way, the Strong
CP problem is simply the statement that the studnet should have drawn all of the quarks on the same line!

3

UD D = CO O

FIG. 2: A axion solution to the Strong CP problem is treating the neutron like CO2. If the angle between the up and down
quarks is dynamical, it will relax itself to the minimum energy configuration that has no dipole moment. This dynamical
angle is called the axion.

B. Solutions

There are three solutions to the Strong CP problem that can be described at the classical level. The first requires
that parity be a good symmetry of nature. Under parity, space goes to minus itself.

P : ~x ! �~x. (5)

We first consider a neutron whose spin and eDM point in the same direction, ŝ = d̂n. Remembering that angular
momentum is ~s = ~r ⇥ ~p, we have under parity,

P : d ! �d, s ! s. (6)

Thus a neutron is taken from ŝ = d̂n to ŝ = �d̂n under parity. We have studied the neutron and it is an experimental
fact that there is only a single neutron whose spin is 1/2. Thus the only option is for the neutron to go to itself under
parity. The only way for both ŝ = d̂n and ŝ = �d̂n to be true is if the dipole moment is zero. This is the parity
solution to the Strong CP problem. However, experimentally we have observed that parity is maximally broken
by the weak interactions. Thus it is a bad symmetry of nature and any application to the Strong CP problem is
necessarily more complicated.

The second classical solution is time-reversal (T) symmetry, typically called charge parity (CP) symmetry due
to the fact that the combined CPT symmetry is a good symmetry of nature. Under time reversal,

T : t ! �t. (7)

Considering again a neutron whose spin and eDM point in the same direction, ŝ = d̂n, we find that under time
reversal,

T : d ! d, s ! �s. (8)

As before, a neutron is taken from ŝ = d̂n to ŝ = �d̂n. By the same reasoning, this again means that the neutron
eDM must be zero. As with parity, CP or equivalently T is not a symmetry of nature and is in fact maximally broken
since the CP-violating phase in the CKM matrix is about ⇡/3.

The last solution that can be seen at the classical level is the axion solution. The situation of having two negative
charges on opposite sides of a positive charge seems very natural, just look at CO2. The plus charged carbon is
exactly between the two oxygens with the equilibrium condition being that the angle between the two bonds is
exactly ⇡ or in terms of the angle ✓ = 0. The critical idea for making this situation work is that the angle between
the two bonds is dynamical. If the initial angle is not ✓ = 0, it quickly relaxes to 0. Motivated by this example, the
axion solution is the idea that the angle ✓ is dynamical and can change. It can be proven that the minimum will
always be at ✓ = 0 [4] and the Strong CP problem is solved.

III. THE STRONG CP PROBLEM AT THE QUANTUM LEVEL

We now formulate the Strong CP problem at the quantum level. As the Strong CP problem is a question about
the properties of the neutron, we need to develop a theory of neutrons and low-energy QCD. In this section, we
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QCD generates potential for 𝜃-angle 

𝜃 is constant of nature, but if could promote it to scalar field, 
would get elegant dynamical explanation for smallness of nEDM 

Need scalar field that ONLY couples as 𝜃-term: Goldstone boson 
of new global U(1) “Peccei-Quinn” symmetry = The QCD Axion

May 19, 2021!10

The QCD Axion Solution
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Axion potential solves Strong CP Problem and generates tiny mass 

QCD axion can be generalized to “axion-like particle” (ALP),  
where mass is free parameter; does usually not solve strong CP 

May 19, 2021!11

The QCD Axion mass
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…is there! as inferred from CMB and many other observations 

…is stable at least compared to lifetime universe (~1017 sec), but typically                          
m much stronger constraints from e.g. X-ray telescopes  

…is dark since constrained from direct searches: sufficiently small couplings 
to to SM, in particular neutral under electromagnetism and QCD 

…is cold ( = non-relativstic) as required from structure formation

May 19, 2021!12

Dark Matter
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WIMPs (“weakly interacting massive particle”), e.g. neutralino [SUSY] 

✦masses in GeV-TeV range 
✦ interactions with SM ~ O(weak force) 
✦ in thermal contact with SM 
✦DM relic abundance produced via “thermal freeze-out” 

FIMPs (feebly interacting massive particles), e.g. QCD axion 

✦masses << GeV  
✦ interactions with SM miniscule 
✦ not in thermal contact with SM 
✦ relic abundance produced e.g. via “misalignment”, “thermal freeze-in”, ….

May 19, 2021!13

Dark Matter Candidates
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 Axions are easily stable since Pseudo-Goldstone bosons:

May 19, 2021!14

Axion Dark Matter: Stability
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Axion can behave like classical scalar field; in expanding universe 
evolution described by same EoM as oscillator with time-dependent 
friction and mass  

May 19, 2021!15

Axion Dark Matter: Misalignment

Hubble parameter ~T2 QCD axion mass ~

In early universe overdamped (constant), start oscillating near T ~ 𝚲QCD 

energy stored in oscillations behaves exactly as cold dark matter 
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Axion Dark Matter: Misalignment
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Axion Dark Matter: Freeze-in
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2
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Most general axion couplings to SM are described by effective 
Lagrangian well below breaking scale of PQ symmetry 
(needs to respect remnant shift symmetry broken only by axion couplings to gauge bosons)

May 19, 2021!18

Axion Phenomenology
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 Effective photon coupling slightly model-dependent 

 Standard axion search channel, since experimentally easy and generic 

May 19, 2021!19

Axion Couplings to Photons

Haloscopes 
e.g. ADMX 

DM axion

photon  

resonantly detected 
by microwave cavity  
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Experimental Constraints and Prospects
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 Since axion is essentially massless, can be produced in stellar plasmas 
by couplings to ordinary matter (𝛾, e, N) [Tsun ~ keV, TSN1987A ~ 40 MeV] 

 Since axion is essentially stable, once produced it escapes from star 
carrying away energy: strongly constrained by standard stellar evolution

May 19, 2021!21

Star Cooling Constraints

Figure 5: From left to right: axion Primakoff processes in an external electric field; axion bremsstrahlung process; and Compton
processes. In the case of the bremsstrahlung process, Ze represents either an ion or an electron.

the He-burning stage may show a peculiar journey to the bluer region of the diagram and back, called the
blue loop (see, e.g., the 5M� track in the left panel of Fig. 4). Stars with an initial mass larger than about
8M� do not become WD but undergo a core collapse, giving rise to a type II Supernova (SN) explosion and
leaving a compact Neutro Star (NS) or, if very massive, a black hole.

The diagram in Fig. 4 is theoretical. It shows the evolutionary tracks of individual stars. Observationally,
one extracts colour and magnitude of individual stars (at a fixed time) and shows the results in a diagram
similar to the one shown in the right panel of Fig. 4. From the stellar population it is possible to reconstruct
the evolutionary times of each stage (the longer the evolutionary time, the larger the stellar population
corresponding to that phase), which can then be compared with the theoretical predictions extracted from
numerical stellar evolution codes.

The method presents evident difficulties related to statistics (particularly for fast evolutionary stages),
stellar contamination, interstellar absorption of the stellar light, etc. Nevertheless, numerical simulations
reproduce with a remarkable level of agreement the observed CMD of particular stellar populations and
allow to set stringent bounds on new physics. The emission of axions (or other light particles) from stars
might, in fact, impact their expected evolution and spoil the agreement with observations.

The aim of this section is to provide an updated summary of the bounds on axions derived from stellar
astrophysics considerations. In addition, we will briefly present the results of the axion interpretation of
some observations of anomalous stellar evolution that have been reported in the last two decades (see, e.g.,
references [35, 297, 384] for more detailed discussions). Our general approach will be to present first all the
results in a model independent way. The impact on the axion benchmark models (KSVZ and DFSZ-type)
will also be discussed at the end of the section.

4.1. Axion-photon coupling
In the contest of stellar evolution, the most relevant process induced by the axion-photon coupling, ga�

(Section 2.5.3) is the Primakoff process (Fig. 5), consisting in the conversion of thermal photons in the
electrostatic field of electrons and nuclei

� + Ze ! a+ Ze . (207)

Neglecting degeneracy effects and the plasma frequency (a good assumption in plasma conditions when the
Primakoff process is the dominating axion production mechanism), it is possible to provide a semi-analitical
expression for the energy-loss rate per unit mass in axions [385]:

"P ' 2.8⇥ 10�31Z(⇠2)
⇣ ga�
GeV�1

⌘2 T 7

⇢
erg g�1 s�1 , (208)

where T and ⇢ are in K and in g cm�3 respectively. The coefficient Z(⇠2) is a function of ⇠2 ⌘ (S/2T )2,
with S being the Debye-Huckel screening wavenumber. It can be explicitly expressed as an integral over
the photon distribution (see Eq. (4.79) in Ref. [32]). Ref. [385] proposed the analytical parametrization

Z(⇠2) '
⇣

1.037⇠
2

1.01+⇠2/5.4
+ 1.037⇠

2

44+0.628⇠2

⌘
ln

⇣
3.85 + 3.99

⇠2

⌘
, (209)
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Figure 8: Stellar hints on general Axion Like Particles interacting with electrons and photons [384]. The hints are derived from
the global analysis of WD pulsation, the WD luminosity function, RGB and HB stars. The best fit parameters are indicated
with the red dot.

provide an interesting channel to produce a possibly detectable axion flux. However, their impact on stellar
evolution is minimal. Thermal processes turn out to be quite more relevant, in this respect.

The most relevant thermal process involving the axion-nucleon coupling is the nucleon bremsstrahlung

N +N 0
! N +N 0 + a , (225)

with N,N 0 = n, p, where n represents a neutron and p a proton. The Feynman diagram for these processes is
shown in Fig. 9. One of the major difficulties in dealing with the nucleon bremsstrahlung is the description

Figure 9: Axion nuclear bremsstrahlung (one of the possible diagrams). N,N 0 represent either a proton or a neutron. To the
right is the Feynman diagram corresponding to the OPE approximation.

of the nuclear interaction, shown as a blob in figure 9. A substantial simplification, known as the One
Pion Exchange (OPE) approximation, is to assume that the interaction is mediated by the exchange of a
single pion, as shown in the right panel in figure 9. The OPE framework is not always justified (see, e.g.,
Ref. [32, 420]) but it does provide a starting point for more accurate computations (cf. Ref. [421] for a recent
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Flavor-violating Axions
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Relation to SM Flavor Puzzle
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Chapter 2. A U(2) Model Flavor 5

coulings g = 0.65, gÕ = 0.36, gs = 1.2 taken from Ref. [8] and Ref. [9], we would expect an
explanation for this relative smallness of the parameters in the Yukawa sector. There have
been many attempts to solve this so-called Flavor Puzzle. Particulary popular ones are
Standard Model extensions with flavor symmetries, often referred to as Froggatt-Nielsen-
type models, see Ref. [6]. In this thesis we will focus on a U(2) flavor symmetry, which we
discuss in the following.

Figure 2.1.: Illustration of the "Flavor Puzzle". The numerical input for the masses at a
scale µ = 10 TeV are taken from Ref. [10].

2.2. A U(2) Model of Flavor: Setup

This model was originally proposed in Ref. [1], based on previous models, see e.g. Refs. [6, 7].
In order to explain the hierachies in the SM Yukawa couplings, the U(2) Model of Flavor
introduces a U(2)F flavor symmetry. Spontaneous breaking of this symmetry will lead to
two new, small parameters that suppress certain Yukawa couplings and allow to reproduce
all hierachies.

We use additional fields, the so-called flavons, to construct a U(2)F invariant e�ective
Lagrangian. Since the U(2)F group is locally isomorphic to SU(2)F ◊ U(1)F, this can be
done using two complex, scalar fields „ and ‰, which transform as a SU(2) doublet and
singlet, respectively. We assume that these fields acquire vacuum expectation values(VEVs)
v„/‰ that break the U(2)F group completely. Clearly, such particles are not yet discoverd,
so we expect the masses to be above the TeV scale. We further assume the cut-o� scale
� to be su�ciently large, i.e. � ∫ v„ and � ∫ v‰, so after symmetry breaking we can
generate the desired small parameters Á„/‰ from ratios Á„/‰/�. The field representations
are chosen as seen in Tab. 2.2. Note that these representations are already compatible with
the SU(5) GUT structure that we discuss in the next chapter.

Table 2.2.: Charge assignments for the field representations under SU(2)F ◊ U(1)F .

Qa uc
a dc

a Q3 uc
3

dc
3

H La ec
a L3 ec

3
„ ‰

SU(2)
F

2 2 2 1 1 1 1 2 2 1 1 2 1
U(1)

F
1 1 1 0 0 1 0 1 1 1 0 ≠1 ≠1
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Flavor Symmetries
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Axion Production in Flavor Factories

Quarks:

Leptons:

SM background tiny                              
SM background huge
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Present and Future Constraints
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Axion Production in SN1987A
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We study scenarios where lepton flavor violating (LFV) couplings generate the present dark matter
abundance (or a fraction of it) through freeze-in. Generically, flavor violation is controlled by the
neutrino mixing matrix and the DM abundance fixes the relation between DM mass and flavor
violating decays. The allowed parameter space of this production mechanism will be fully probed
by future telescopes looking for decaying dark matter and new searches for lepton flavor violating
light particles at flavor factories.

I. INTRODUCTION

Light axions with tree-level flavor-violating couplings
to SM fermions allow to test enormously large scales of
Peccei-Quinn breaking at high-intensity laboratory ex-
periments [1, 2]. Scales up to about fa ⇠ 1012 GeV are
probed by NA62 in s � d transitions [3, 4], while lepton
flavor-violating (LFV) decays give sensitivity to scales up
to fa ⇠ 1010GeV [2, 5] . Such large decay constants imply
that the axion can be stable even on cosmological scales,
and thus there is a natural motivation for such scenarios
when the axion fully accounts for the DM relic density.
In general flavor-violating couplings of the axion depends
on the misaligment of PQ charges and SM Yukawas, and
thus require a theory of flavor in order to be predictive [6–
8]. Here we present a scenario where LFV decays of SM
leptons are directly responsible for producing axion DM
(or a fraction of it) in the early universe through thermal
freeze-in. This gives rise to a very simple and predic-
tive model of axion DM which can be further tested with
future X-ray and low energy �-ray telescopes [9–14], in
future Xenon-based DM direct detection experiments [?
] as well as in future LFV experiments at MEG II and
Mu3e [2, 5, 15] if new search strategies for light particles
will be implemented.

II. THE FRAMEWORK

We consider a “lepto-philic” anomaly-free axion, which
is massive pseudo-Goldstone boson a that only couples
to SM leptons according to the e↵ective Lagrangian

Le↵ =
@µa

2fa
`i�

µ
⇣
CV
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2
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where CA,V
`i`j

are traceless hermitian matrices in lepton
flavor space. They originate from rotating the charge
matrices of the underlying, spontaneously broken U(1)X
symmetry to the mass basis:

CV,A
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= ±V †

⌫ X`V⌫ , (2)

whereXe (X`) are the traceless U(1)X charges of SU(2)L
singlet (doublet) fields, and the unitary matrices are de-
fined by V †

LMeVR = Mdiag
e , V †

⌫ M⌫V⌫ = Mdiag
⌫ and left-

handed charged lepton and neutrino rotations are related
by the PMNS matrix VPMNS = V †

LV⌫ .
In the following we will discuss two scenarios: first we

consider the case where only RH leptons of 1st and 2nd
generation are charged under U(1)X , so that (without
loss of generality) Xe = diag(1,�1, 0) and X` = 0, while
in the second scenario we consider the same charges for
LH fields: X` = diag(1,�1, 0) and Xe = 0. In the first
case the rotation matrix is taken to be a general rotation
in the 1-2 space parameterized by an angle 0  ↵  ⇡/2,
suitably defined such that in the mass basis
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A , CV,A
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= 0 . (3)

While this scenario will mainly serve as a toy model to il-
lustrate the basic features of the general setup, in the sec-
ond case we will consider the more realistic case that the
rotation matrix in the LH sector is given by the PMNS
matrix, i.e. that V⌫ is close to the identity. This gives in
the mass basis

CV
eiej = �CA

eiej = VPMNS diag(1,�1, 0)V †
PMNS ,

CV
⌫i⌫j

= �CA
⌫i⌫j

= diag(1,�1, 0) . (4)

The first scenario depends on three free parameters: fa,
ma and ↵, while second only depends on fa andma, apart
from yet undetermined features of the neutrino sector, i.e.
the absolute neutrino mass scale and the mass hierarchy
(inverted (IO) or normal ordering (NO)). One would also
expect ALP couplings to quarks to be present, and we
will comment on their impact later on.

A. Decaying Dark Matter

In order to be stable on cosmological scales, the ax-
ion must be su�ciently light such that the decay chan-
nel into electrons is kinematically close. We will then

depending on 3 parameters:
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LFV decays give ALP DM abundance, diagonal couplings control lifetime
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Numerical Results
𝝁e-Scenario 𝝉𝝁-Scenario
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Axions are very light BSM particles with tiny couplings to the Standard Model,  
which are well-motivated by Dark Matter and the Strong CP Problem (small nEDM) 

Axion Dark Matter with flavor-violating couplings can be produced by SM decays   

in precision flavor experiments, probing decay constants up to 1012 GeV  

in SN1987A from decays of moderately heavy flavors, contributing to energy loss  

in the early universe, giving observed DM abundance via freeze-in
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Summary


