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The Standard Model of particle physics
where is the new physics?

+ nothing else ?



Fundamental scales of Standard Model of particle physics
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One ratio is natural; the other is not.
Large numbers are not the issue!

2 Drowning by Numbers

I am ill at these numbers.

William Shakespeare [9]

Our story starts with the observation that the ratio between the Fermi constant GF and

the Newton constant GN , which characterize respectively the strengths of the weak and

gravitational forces, is a very large number2 [10]

GF h̄2

GNc2
= 1.738 59(15) × 1033. (1)

The powers of the Planck constant h̄ and of the speed of light c have been introduced in

eq. (1) to express the ratio as a pure number.

The human mind has always held in special fascination the pure numbers. Pythagoras

went as far as believing that numbers are not just useful tools to describe the properties of

nature but rather have special attributes that cause the various qualities of matter. Philolaus,

a Pythagorean contemporary of Socrates and Democritus, expressed the idea that five is the

cause of color, six of cold, seven of health, eight of love [11]. These mystic properties of

numbers are summarized in the motto of the Pythagorean school: “All is number”.

In a modern context, some numerical constants that appear in equations describing the

fundamental laws of physics have often been the object of keen speculation. Sometimes these

speculations are mere numerological exercises, but occasionally they are rewarded by a true

understanding of deeper physical laws. When in 1885 Balmer first derived [12] a simple

formula fitting the data for the frequencies ν of the hydrogen spectral lines

ν = R
(

1

n2
−

1

m2

)

with m > n integers, (2)

he expressed bewilderment for “agreement which must surprise to the highest degree” [13],

but little did he suspect that Bohr’s quantum interpretation [14] was lurking behind it.

There are, however, less fortunate examples. From the very early times of electromag-

netism and quantum mechanics, it was immediately recognized the special role of the fine-

structure constant α, a pure number constructed out of several fundamental quantities [10]

α−1 =
4πε0h̄c

e2
= 137.035 999 11(46). (3)

Given its importance, there has been no lack of attempts to “derive” α with simple numerical

expressions. Early measurements were not even incompatible with the belief that α−1 must

2The figures in parenthesis give the one standard-deviation uncertainty in the last digits.

3

vs.

m�2
proton

GN
~c = 1.693⇥ 1038

M2
Planck

M2
W

M2
Planck

M2
W

1



One ratio is natural; the other is not.
Large numbers are not the issue!

2 Drowning by Numbers

I am ill at these numbers.

William Shakespeare [9]

Our story starts with the observation that the ratio between the Fermi constant GF and

the Newton constant GN , which characterize respectively the strengths of the weak and

gravitational forces, is a very large number2 [10]

GF h̄2

GNc2
= 1.738 59(15) × 1033. (1)

The powers of the Planck constant h̄ and of the speed of light c have been introduced in

eq. (1) to express the ratio as a pure number.

The human mind has always held in special fascination the pure numbers. Pythagoras

went as far as believing that numbers are not just useful tools to describe the properties of

nature but rather have special attributes that cause the various qualities of matter. Philolaus,

a Pythagorean contemporary of Socrates and Democritus, expressed the idea that five is the

cause of color, six of cold, seven of health, eight of love [11]. These mystic properties of

numbers are summarized in the motto of the Pythagorean school: “All is number”.

In a modern context, some numerical constants that appear in equations describing the

fundamental laws of physics have often been the object of keen speculation. Sometimes these

speculations are mere numerological exercises, but occasionally they are rewarded by a true

understanding of deeper physical laws. When in 1885 Balmer first derived [12] a simple

formula fitting the data for the frequencies ν of the hydrogen spectral lines

ν = R
(

1

n2
−

1

m2

)

with m > n integers, (2)

he expressed bewilderment for “agreement which must surprise to the highest degree” [13],

but little did he suspect that Bohr’s quantum interpretation [14] was lurking behind it.

There are, however, less fortunate examples. From the very early times of electromag-

netism and quantum mechanics, it was immediately recognized the special role of the fine-

structure constant α, a pure number constructed out of several fundamental quantities [10]

α−1 =
4πε0h̄c

e2
= 137.035 999 11(46). (3)

Given its importance, there has been no lack of attempts to “derive” α with simple numerical

expressions. Early measurements were not even incompatible with the belief that α−1 must

2The figures in parenthesis give the one standard-deviation uncertainty in the last digits.

3

vs.

m�2
proton

GN
~c = 1.693⇥ 1038

M2
Planck

M2
W

M2
Planck

M2
W

1

m�2
proton

GN
~c = 1.693⇥ 1038

⇡ M2
Planck

M2
W

⇡ M2
Planck

⇤2
QCD

1

m�2
proton

GN
~c = 1.693⇥ 1038

⇡ M2
Planck

M2
W

⇡ M2
Planck

⇤2
QCD

1



One ratio is natural; the other is not.
Large numbers are not the issue!

2 Drowning by Numbers

I am ill at these numbers.

William Shakespeare [9]

Our story starts with the observation that the ratio between the Fermi constant GF and

the Newton constant GN , which characterize respectively the strengths of the weak and

gravitational forces, is a very large number2 [10]

GF h̄2

GNc2
= 1.738 59(15) × 1033. (1)

The powers of the Planck constant h̄ and of the speed of light c have been introduced in

eq. (1) to express the ratio as a pure number.

The human mind has always held in special fascination the pure numbers. Pythagoras

went as far as believing that numbers are not just useful tools to describe the properties of

nature but rather have special attributes that cause the various qualities of matter. Philolaus,

a Pythagorean contemporary of Socrates and Democritus, expressed the idea that five is the

cause of color, six of cold, seven of health, eight of love [11]. These mystic properties of

numbers are summarized in the motto of the Pythagorean school: “All is number”.

In a modern context, some numerical constants that appear in equations describing the

fundamental laws of physics have often been the object of keen speculation. Sometimes these

speculations are mere numerological exercises, but occasionally they are rewarded by a true

understanding of deeper physical laws. When in 1885 Balmer first derived [12] a simple

formula fitting the data for the frequencies ν of the hydrogen spectral lines

ν = R
(

1

n2
−

1

m2

)

with m > n integers, (2)

he expressed bewilderment for “agreement which must surprise to the highest degree” [13],

but little did he suspect that Bohr’s quantum interpretation [14] was lurking behind it.

There are, however, less fortunate examples. From the very early times of electromag-

netism and quantum mechanics, it was immediately recognized the special role of the fine-

structure constant α, a pure number constructed out of several fundamental quantities [10]

α−1 =
4πε0h̄c

e2
= 137.035 999 11(46). (3)

Given its importance, there has been no lack of attempts to “derive” α with simple numerical

expressions. Early measurements were not even incompatible with the belief that α−1 must

2The figures in parenthesis give the one standard-deviation uncertainty in the last digits.

3

vs.

m�2
proton

GN
~c = 1.693⇥ 1038

M2
Planck

M2
W

M2
Planck

M2
W

1

m�2
proton

GN
~c = 1.693⇥ 1038

⇡ M2
Planck

M2
W

⇡ M2
Planck

⇤2
QCD

1

m�2
proton

GN
~c = 1.693⇥ 1038

⇡ M2
Planck

M2
W

⇡ M2
Planck

⇤2
QCD

1

Unnatural scale is the “mass scale of a relevant 
operator not protected by a symmetry.”



Higgs mass

Two relevant operators in the SM
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Neither is protected by symmetry in the SM.
see e.g. TASI lectures by Markus Luty
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Standard model as an effective field theory

The SM is not UV complete 

1) Gravity requires a consistent UV completion

SEH = �
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irrelevant op. 

2)  We know we need to add more quantum fields to SM, given evidence on  
     dark matter, inflation, and baryogenesis,  …

=> talk by Hirosi Ooguri
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Inventory of the universe
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not understood
What is it?

Is it a constant? 
Why so small?
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Why is there more matter  
than antimatter?

What is it?

Is it a constant? 
Why so small?
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not understood

Majorana or Dirac neutrinos?

Why is there more matter  
than antimatter?

What is it?

Is it a constant? 
Why so small?



       What is the scale of new physics?
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ
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mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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A comparison of the masses of all the fundamental fermions, particles with
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mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ

meVµeV eV keV MeV GeV TeV

fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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EDM violates T-invariance

The CP problem of the strong interactions
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No neutron EDM has been observed (so far)



10-26 Why so small ?

Compare to
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QCD axion solution to strong CP

• Axial PQ symmetry
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U(1)PQ
:  spontaneously broken at the scale 

• Explicitly broken at the quantum level by QCD anomaly 

• pNGB: the QCD axion

• Axion has an approximate shift-symmetry

<latexit sha1_base64="ktdz69p/7ydZK0ap5hMcxeq1u7Y="></latexit>

L =

(
a

fa
→ ω̄

)
εs

8ϑ
Ga

µωG̃
µω,a

<latexit sha1_base64="5HAQT45LRfMYy5iLTsWkE7p6Kgk=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgEQSiJSPVY9OKxgv2AJoTJdtMu3XywOxFK7MG/4sWDIl79G978N27bHLT1wcDjvRlm5gWp4Apt+9tYWl5ZXVsvbZQ3t7Z3ds29/ZZKMklZkyYikZ0AFBM8Zk3kKFgnlQyiQLB2MLyZ+O0HJhVP4nscpcyLoB/zkFNALfnmIbiYWHDmBiBzFwcMYRz64JsVu2pPYS0SpyAVUqDhm19uL6FZxGKkApTqOnaKXg4SORVsXHYzxVKgQ+izrqYxREx5+fT+sXWilZ4VJlJXjNZU/T2RQ6TUKAp0ZwQ4UPPeRPzP62YYXnk5j9MMWUxni8JMWPrlSRhWj0tGUYw0ASq5vtWiA5BAUUdW1iE48y8vktZ51alVa3cXlfp1EUeJHJFjckoccknq5JY0SJNQ8kieySt5M56MF+Pd+Ji1LhnFzAH5A+PzB8/3lf8=</latexit>

a → a+ ω̄fa

<latexit sha1_base64="Z4OPWG1DdzX/D8Z8kgRRL5W77Fo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2AdinZNNuGJtklyYpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3mdx6p0iySD2YaU1/gkWQhI9hkEq4+nQ/KFbfmzoFWiZeTCuRoDspf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X46v3WGzqwyRGGkbEmD5urviRQLracisJ0Cm7Fe9jLxP6+XmPDaT5mME0MlWSwKE45MhLLH0ZApSgyfWoKJYvZWRMZYYWJsPCUbgrf88ippX9S8eq1+f1lp3ORxFOEETqEKHlxBA+6gCS0gMIZneIU3RzgvzrvzsWgtOPnMMfyB8/kDaE6N1w==</latexit>

a(x)

<latexit sha1_base64="kagpjVhnJFsE25sUIq90sLZ6PFI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwA8lo3J</latexit>

fa



Why Axions?

The QCD axion is predictive

• In the IR, QCD confinement generates potential

<latexit sha1_base64="iSy+weX+mKOBq70SMSfbBg7oDIY=">AAACAHicbVDLSsNAFL3xWeur6tLNYBHqpiQi1WXRjcsK9gFtKJPJpBk6mYSZiVBCN36AW/0Ed+LWP/EL/A0nbRa29cCFwzn3cu89XsKZ0rb9ba2tb2xubZd2yrt7+weHlaPjjopTSWibxDyWPQ8rypmgbc00p71EUhx5nHa98V3ud5+oVCwWj3qSUDfCI8ECRrDOpU4NXwwrVbtuz4BWiVOQKhRoDSs/Az8maUSFJhwr1XfsRLsZlpoRTqflQapogskYj2jfUIEjqtxsdusUnRvFR0EsTQmNZurfiQxHSk0iz3RGWIdq2cvF/7x+qoMbN2MiSTUVZL4oSDnSMcofRz6TlGg+MQQTycytiIRYYqJNPAtblHkqpP60bJJxlnNYJZ3LutOoNx6uqs3bIqMSnMIZ1MCBa2jCPbSgDQRCeIFXeLOerXfrw/qct65ZxcwJLMD6+gUTOJaO</latexit>

V (a)

<latexit sha1_base64="tFEQZOfASl+AOXmJon8Uh3Whk1s=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA725sMmX0wMyuEJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eIrjStv1tFTY2t7Z3irulvf2Dw6Py8Ulbxalk2GKxiGXXowoFj7CluRbYTSTS0BPY8cb3M7/zhFLxOHrUkwTdkA4jHnBGtZGadFCu2FV7DrJOnJxUIEdjUP7p+zFLQ4w0E1SpnmMn2s2o1JwJnJb6qcKEsjEdYs/QiIao3Gx+6JRcGMUnQSxNRZrM1b8TGQ2VmoSe6QypHqlVbyb+5/VSHdy6GY+SVGPEFouCVBAdk9nXxOcSmRYTQyiT3NxK2IhKyrTJZmmLMk+N0J+WTDLOag7rpH1VdWrVWvO6Ur/LMyrCGZzDJThwA3V4gAa0gAHCC7zCm/VsvVsf1ueitWDlM6ewBOvrF5enlck=</latexit>a

<latexit sha1_base64="aLEMw0uCm97O0IjxmlO1lGPBc1k=">AAACG3icbVDLSgNBEJyNrxhfUY8iDAbBU9gViV6EoBePEcwDsiHMTnqTIbOzy0yvEEJOfocf4FU/wZt49eAX+BtOHgeTWDBQXdVNT1eQSGHQdb+dzMrq2vpGdjO3tb2zu5ffP6iZONUcqjyWsW4EzIAUCqooUEIj0cCiQEI96N+O/fojaCNi9YCDBFoR6yoRCs7QSu38sS8hRF8y1ZVAma9Ft4e+npTXbjtfcIvuBHSZeDNSIDNU2vkfvxPzNAKFXDJjmp6bYGvINAouYZTzUwMJ433WhaalikVgWsPJGSN6apUODWNtn0I6Uf9ODFlkzCAKbGfEsGcWvbH4n9dMMbxqDYVKUgTFp4vCVFKM6TgT2hEaOMqBJYxrYf9KeY9pxtEmN7fF2KN60BnlbDLeYg7LpHZe9ErF0v1FoXwzyyhLjsgJOSMeuSRlckcqpEo4eSIv5JW8Oc/Ou/PhfE5bM85s5pDMwfn6BdhbocQ=</latexit>

→a↑ = 0
IRUV

<latexit sha1_base64="+HkDZgZXxv8nyyy9iZDjMSIyR1A="></latexit>

g2s
32ω2

a

fa
GG̃

<latexit sha1_base64="rGQJ11l2Bq3nFRpcupnhM0akCwE="></latexit>

V (a) → m2
ωf

2
ω

[
cos

(
a

fa

)
↑ 1

]
<latexit sha1_base64="/nQ3n++kZWN3c0H2tQsk7TejZoc=">AAACHnicbVDLSsNAFJ34rPVVdelmsAiuSiJSXRbduKxgH9CEMJnetENnkjgzEUrI1u/wA9zqJ7gTt/oF/obTNgvbemCGwzn3cu89QcKZ0rb9ba2srq1vbJa2yts7u3v7lYPDtopTSaFFYx7LbkAUcBZBSzPNoZtIICLg0AlGNxO/8whSsTi61+MEPEEGEQsZJdpIfgULn7iKCXhwQ0loJnw3YTic/HkW+iT3K1W7Zk+Bl4lTkCoq0PQrP24/pqmASFNOlOo5dqK9jEjNKIe87KYKEkJHZAA9QyMiQHnZ9JIcnxqlj8NYmhdpPFX/dmREKDUWgakURA/VojcR//N6qQ6vvIxFSaohorNBYcqxjvEkFtxnEqjmY0MIlczsiumQmES0CW9uijJHDaGfl00yzmIOy6R9XnPqtfrdRbVxXWRUQsfoBJ0hB12iBrpFTdRCFD2hF/SK3qxn6936sD5npStW0XOE5mB9/QI39KOg</latexit>

ma → mωfω
fa



Axion properties and signatures

The QCD axion is very predictive

• Couples to electrons, nucleons, photons, …

Mostly determined by
<latexit sha1_base64="kagpjVhnJFsE25sUIq90sLZ6PFI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwA8lo3J</latexit>

fa

<latexit sha1_base64="xnUoWDytorLCTOivq4I2SjQ2Isg="></latexit>

L → ωµa

fa
ε̄iciϑ

µϑ5εi, i = e, p, n, . . .

<latexit sha1_base64="iSy+weX+mKOBq70SMSfbBg7oDIY=">AAACAHicbVDLSsNAFL3xWeur6tLNYBHqpiQi1WXRjcsK9gFtKJPJpBk6mYSZiVBCN36AW/0Ed+LWP/EL/A0nbRa29cCFwzn3cu89XsKZ0rb9ba2tb2xubZd2yrt7+weHlaPjjopTSWibxDyWPQ8rypmgbc00p71EUhx5nHa98V3ud5+oVCwWj3qSUDfCI8ECRrDOpU4NXwwrVbtuz4BWiVOQKhRoDSs/Az8maUSFJhwr1XfsRLsZlpoRTqflQapogskYj2jfUIEjqtxsdusUnRvFR0EsTQmNZurfiQxHSk0iz3RGWIdq2cvF/7x+qoMbN2MiSTUVZL4oSDnSMcofRz6TlGg+MQQTycytiIRYYqJNPAtblHkqpP60bJJxlnNYJZ3LutOoNx6uqs3bIqMSnMIZ1MCBa2jCPbSgDQRCeIFXeLOerXfrw/qct65ZxcwJLMD6+gUTOJaO</latexit>

V (a)

<latexit sha1_base64="tFEQZOfASl+AOXmJon8Uh3Whk1s=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA725sMmX0wMyuEJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eIrjStv1tFTY2t7Z3irulvf2Dw6Py8Ulbxalk2GKxiGXXowoFj7CluRbYTSTS0BPY8cb3M7/zhFLxOHrUkwTdkA4jHnBGtZGadFCu2FV7DrJOnJxUIEdjUP7p+zFLQ4w0E1SpnmMn2s2o1JwJnJb6qcKEsjEdYs/QiIao3Gx+6JRcGMUnQSxNRZrM1b8TGQ2VmoSe6QypHqlVbyb+5/VSHdy6GY+SVGPEFouCVBAdk9nXxOcSmRYTQyiT3NxK2IhKyrTJZmmLMk+N0J+WTDLOag7rpH1VdWrVWvO6Ur/LMyrCGZzDJThwA3V4gAa0gAHCC7zCm/VsvVsf1ueitWDlM6ewBOvrF5enlck=</latexit>a

<latexit sha1_base64="aLEMw0uCm97O0IjxmlO1lGPBc1k=">AAACG3icbVDLSgNBEJyNrxhfUY8iDAbBU9gViV6EoBePEcwDsiHMTnqTIbOzy0yvEEJOfocf4FU/wZt49eAX+BtOHgeTWDBQXdVNT1eQSGHQdb+dzMrq2vpGdjO3tb2zu5ffP6iZONUcqjyWsW4EzIAUCqooUEIj0cCiQEI96N+O/fojaCNi9YCDBFoR6yoRCs7QSu38sS8hRF8y1ZVAma9Ft4e+npTXbjtfcIvuBHSZeDNSIDNU2vkfvxPzNAKFXDJjmp6bYGvINAouYZTzUwMJ433WhaalikVgWsPJGSN6apUODWNtn0I6Uf9ODFlkzCAKbGfEsGcWvbH4n9dMMbxqDYVKUgTFp4vCVFKM6TgT2hEaOMqBJYxrYf9KeY9pxtEmN7fF2KN60BnlbDLeYg7LpHZe9ErF0v1FoXwzyyhLjsgJOSMeuSRlckcqpEo4eSIv5JW8Oc/Ou/PhfE5bM85s5pDMwfn6BdhbocQ=</latexit>

→a↑ = 0
IRUV

<latexit sha1_base64="+HkDZgZXxv8nyyy9iZDjMSIyR1A="></latexit>

g2s
32ω2

a

fa
GG̃

<latexit sha1_base64="rGQJ11l2Bq3nFRpcupnhM0akCwE="></latexit>

V (a) → m2
ωf

2
ω

[
cos

(
a

fa

)
↑ 1

]
<latexit sha1_base64="/nQ3n++kZWN3c0H2tQsk7TejZoc=">AAACHnicbVDLSsNAFJ34rPVVdelmsAiuSiJSXRbduKxgH9CEMJnetENnkjgzEUrI1u/wA9zqJ7gTt/oF/obTNgvbemCGwzn3cu89QcKZ0rb9ba2srq1vbJa2yts7u3v7lYPDtopTSaFFYx7LbkAUcBZBSzPNoZtIICLg0AlGNxO/8whSsTi61+MEPEEGEQsZJdpIfgULn7iKCXhwQ0loJnw3YTic/HkW+iT3K1W7Zk+Bl4lTkCoq0PQrP24/pqmASFNOlOo5dqK9jEjNKIe87KYKEkJHZAA9QyMiQHnZ9JIcnxqlj8NYmhdpPFX/dmREKDUWgakURA/VojcR//N6qQ6vvIxFSaohorNBYcqxjvEkFtxnEqjmY0MIlczsiumQmES0CW9uijJHDaGfl00yzmIOy6R9XnPqtfrdRbVxXWRUQsfoBJ0hB12iBrpFTdRCFD2hF/SK3qxn6936sD5npStW0XOE5mB9/QI39KOg</latexit>

ma → mωfω
fa

• In the IR, QCD confinement generates potential





Axion parameter space

axion mass

ax
io

n 
co

up
lin

g

https://github.com/cajohare/AxionLimits

How can we find these  
light axions ?



Presence of matter…  

… modifies the axion potential—altering stellar behavior 

 … changes the couplings, affecting how physical 
processes unfold



Axion properties are highly susceptible to matter effects

Potential changes with density n

<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

RWD ⇠ Mplanck

me mN
⇠ mN

me
RNS

MWD ⇠
M3

planck

m2
N

⇠ MNS

RWD ⇠ (few) 10000 km

MWD ⇠ M�

me = 0.51099895000(15) MeV

L = T � U

T =
1

2
(@t�)

2

U =
1

2
(r�)2 + V (�)

h�i = 0

2

<latexit sha1_base64="SmXWj8/V5mQ8IwEvNMRurncoXDU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89iMqzWP5YCYJ+hEdSh5yRo2V7uWV2y9X3Ko7B/lLvJxUIEejX/7sDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUpOrDIgYaxsSUPm6s+JjEZaT6LAdkbUjPSyNxP/87qpCS/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4BysmNfg==</latexit>

n = 0
2211.02661, 2307.14418, 2408.07740

vacuum



Axion properties are highly susceptible to matter effects

Potential changes with density n

<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

RWD ⇠ Mplanck

me mN
⇠ mN

me
RNS

MWD ⇠
M3

planck

m2
N

⇠ MNS

RWD ⇠ (few) 10000 km

MWD ⇠ M�

me = 0.51099895000(15) MeV

L = T � U

T =
1

2
(@t�)

2

U =
1

2
(r�)2 + V (�)

h�i = 0

2

<latexit sha1_base64="SmXWj8/V5mQ8IwEvNMRurncoXDU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89iMqzWP5YCYJ+hEdSh5yRo2V7uWV2y9X3Ko7B/lLvJxUIEejX/7sDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUpOrDIgYaxsSUPm6s+JjEZaT6LAdkbUjPSyNxP/87qpCS/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4BysmNfg==</latexit>

n = 0
2211.02661, 2307.14418, 2408.07740

vacuum
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Axion properties are highly susceptible to matter effects

Potential changes with density n
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White Dwarfs: 

Fermi pressure from 
electron gas



Mass radius curve for white dwarfs
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… power of dimensional analysis (laziness as a virtue)
Back of the envelope … 

vs.



White dwarfs simplified
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White dwarf mass-radius curve
Solution of full TOV equations 
with free electron gas EOS
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White dwarf mass-radius curve
Solution of full TOV equations 
with free electron gas EOS

agrees very well with SM 
   -> use to constrain BSM
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Star: pressure balance between gravity and internal pressure 

• Hydrostatic equilibrium equation: 

• Mass conservation: 

Simple Relation between      and    : Equation of State (EOS) 

White Dwarfs: 

Stellar Structure

4

<latexit sha1_base64="5eWWw2iKR2X1vf5VwwSVryr+ulc=">AAACKHicbVDNS8MwHE3n15xfVY9egkPw4miHTC/i0INehAnuA9Y60izdwtK0JOlglP45XvxXvIgosqt/iem2w9x8EHh57/cjec+LGJXKssZGbmV1bX0jv1nY2t7Z3TP3DxoyjAUmdRyyULQ8JAmjnNQVVYy0IkFQ4DHS9Aa3md8cEiFpyJ/UKCJugHqc+hQjpaWOee34AuHECZDqiyDppjBK524ihVfwDE6H7h6gM0SCRJKykKeJeC6nHbNolawJ4DKxZ6QIZqh1zA+nG+I4IFxhhqRs21ak3AQJRTEjacGJJYkQHqAeaWvKUUCkm0yCpvBEK13oh0IfruBEnd9IUCDlKPD0ZBZBLnqZ+J/XjpV/6SaUR7EiHE8f8mMGVQiz1mCXCoIVG2mCsKD6rxD3kS5F6W4LugR7MfIyaZRLdqVUeTwvVm9mdeTBETgGp8AGF6AK7kEN1AEGL+ANfIIv49V4N76N8XQ0Z8x2DsEfGD+/vzCnnw==</latexit>

dp

dr
= �GM"

r2

<latexit sha1_base64="1JB+HgURtZEXC5ufiHGvbevxfw0=">AAACIXicbVDLSsNAFJ3UV62vqks3g0VwVZJSajdC0Y0boYJ9QBPLZDJph04mYWZSKCG/4sZfceNCke7En3HSZqGtBwbOnHsP997jRoxKZZpfRmFjc2t7p7hb2ts/ODwqH590ZRgLTDo4ZKHou0gSRjnpKKoY6UeCoMBlpOdObrN6b0qEpCF/VLOIOAEacepTjJSWhuWm7QuEEztAaiyCxEvhffrrJ1J4DevQjigUTzVoT5EgkaQss1bMqrkAXCdWTiogR3tYntteiOOAcIUZknJgmZFyEiQUxYykJTuWJEJ4gkZkoClHAZFOsrgwhRda8aAfCv24ggv1tyNBgZSzwNWd2e5ytZaJ/9UGsfKbTkJ5FCvC8XKQHzOoQpjFBT0qCFZspgnCgupdIR4jHZnSoZZ0CNbqyeukW6tajWrjoV5p3eRxFMEZOAeXwAJXoAXuQBt0AAbP4BW8gw/jxXgzPo35srVg5J5T8AfG9w8d9qQW</latexit>

dM

dr
= 4⇡r2"

<latexit sha1_base64="C1YFAx4jcNrJruT2GI/yIxIQLBY=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS6LblxWsA9oQ5hMJ+3QySTMTAo19EvcuFDErZ/izr9x0mahrQcGDufcyz1zgoQzpR3n2yptbG5t75R3K3v7B4dV++i4o+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcpf73SmVisXiUc8S6kV4JFjICNZG8u1qyx9EWI9llI0kns59u+bUnQXQOnELUoMCLd/+GgxjkkZUaMKxUn3XSbSXYakZ4XReGaSKJphM8Ij2DRU4osrLFsHn6NwoQxTG0jyh0UL9vZHhSKlZFJjJPKRa9XLxP6+f6vDGy5hIUk0FWR4KU450jPIW0JBJSjSfGYKJZCYrImMsMdGmq4opwV398jrpXNbdRr3xcFVr3hZ1lOEUzuACXLiGJtxDC9pAIIVneIU368l6sd6tj+VoySp2TuAPrM8fTf+TiA==</latexit>

Pgrav
<latexit sha1_base64="8VlpASjCnsPfADILR2Un2MbUSCQ=">AAAB+XicbVBNSwMxFMzWr1q/Vj16CRbBU9kVqR6LgnisYG2hXZZs+tqGJtklyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5jzeZKOFMG8/7dkpr6xubW+Xtys7u3v6Be3j0pONUUWjRmMeqExENnEloGWY4dBIFREQc2tH4NvfbE1CaxfLRTBMIBBlKNmCUGCuFrtsMe4KYkRLZHSjBZqFb9WreHHiV+AWpogLN0P3q9WOaCpCGcqJ11/cSE2REGUY5zCq9VENC6JgMoWupJAJ0kM2Tz/CZVfp4ECv7pMFz9fdGRoTWUxHZyTylXvZy8T+vm5rBdZAxmaQGJF0cGqQcmxjnNeA+U0ANn1pCqGI2K6Yjogg1tqyKLcFf/vIqebqo+fVa/eGy2rgp6iijE3SKzpGPrlAD3aMmaiGKJugZvaI3J3NenHfnYzFacoqdY/QHzucP3hqT1Q==</latexit>

PFermi

<latexit sha1_base64="QTViEJrSCC4++gpfPGdmbaBQuJg=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxIdSMUBXFZwT6gHYZMmmlDk8yQZIQyzNqNv+LGhSJu/QJ3/o2ZdkBtPRA4nHMvuecEMaNKO86XtbC4tLyyWlorr29sbm3bO7stFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPRVe6374lUNBJ3ehwTj6OBoCHFSBvJtw9iv8eRHkqeUqEzeAF/hGsiOc18u+JUnQngPHELUgEFGr792etHOOFEaMyQUl3XibWXIqkpZiQr9xJFYoRHaEC6hgrEifLSSZQMHhmlD8NImic0nKi/N1LElRrzwEzmV6pZLxf/87qJDs89kzFONBF4+lGYMKgjmPcC+1QSrNnYEIQlNbdCPEQSYW3aK5sS3NnI86R1UnVr1drtaaV+WdRRAvvgEBwDF5yBOrgBDdAEGDyAJ/ACXq1H69l6s96nowtWsbMH/sD6+Abwb5sT</latexit>pint = pFermi

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p <latexit sha1_base64="1nDLaIBzHyghQadVjf/dBKX0My8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbSbt0sxt2J4US+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WNza3tneJuaW//4PCofHzSMirVDJpMCaU7ITUguIQmchTQSTTQOBTQDsf3c789AW24kk84TSCI6VDyiDOKVur2JlRDYrhQsl+ueFVvAXed+DmpkByNfvmrN1AsjUEiE9SYru8lGGRUI2cCZqVeaiChbEyH0LVU0hhMkC1OnrkXVhm4kdK2JLoL9fdERmNjpnFoO2OKI7PqzcX/vG6K0W2QcZmkCJItF0WpcFG58//dAdfAUEwtoUxze6vLRlRThjalkg3BX315nbSuqn6tWnu8rtTv8jiK5Iyck0vikxtSJw+kQZqEEUWeySt5c9B5cd6dj2VrwclnTskfOJ8/vWGRkg==</latexit>"
<latexit sha1_base64="4YZcK2KWCxCMVWI0rvRla+yNOBE=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX5Au5ZsOtuGZpMlyVbK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTS0TRaFBJZeqHRANnAloGGY4tGMFJAo4tILR7cxvjUFpJsWDmcTgR2QgWMgoMVZ6jMvdMVEQa8alOO8VS27FnQOvEi8jJZSh3it+dfuSJhEIQznRuuO5sfFTogyjHKaFbqIhJnREBtCxVJAItJ/Or57iM6v0cSiVLWHwXP09kZJI60kU2M6ImKFe9mbif14nMeG1nzIRJwYEXSwKE46NxLMIcJ8poIZPLCFUMXsrpkOiCDU2qIINwVt+eZU0LypetVK9vyzVbrI48ugEnaIy8tAVqqE7VEcNRJFCz+gVvTlPzovz7nwsWnNONnOM/sD5/AFdIJJx</latexit>

p(")



• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM:

Stellar Structure with New Scalars

<latexit sha1_base64="ONSxHdbGpVxNGYMjFkg1/wiGEtY=">AAACCHicbVDLSgMxFM3UV62vqksXBovoopSZUqoboeDGjVDBPqAzlkyaaUMzmZBkCqV06cZfceNCEbd+gjv/xkw7C209EDiccy439/iCUaVt+9vKrKyurW9kN3Nb2zu7e/n9g6aKYolJA0cskm0fKcIoJw1NNSNtIQkKfUZa/vA68VsjIhWN+L0eC+KFqM9pQDHSRurmj6HB7dmVW3SLFVdQKB/K0B0hSYSiLEkU7JI9A1wmTkoKIEW9m/9yexGOQ8I1ZkipjmML7U2Q1BQzMs25sSIC4SHqk46hHIVEeZPZIVN4apQeDCJpHtdwpv6emKBQqXHom2SI9EAteon4n9eJdXDpTSgXsSYczxcFMYM6gkkrsEclwZqNDUFYUvNXiAdIIqxNdzlTgrN48jJplktOtVS9qxRq5bSOLDgCJ+AcOOAC1MANqIMGwOARPINX8GY9WS/Wu/Uxj2asdOYQ/IH1+QPs9pdn</latexit>

M 0 = 4⇡r2"

<latexit sha1_base64="6y4HszZJGjNfV0SOrLYcX9v/lxs="></latexit>
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• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM:

Stellar Structure with New Scalars

<latexit sha1_base64="ONSxHdbGpVxNGYMjFkg1/wiGEtY=">AAACCHicbVDLSgMxFM3UV62vqksXBovoopSZUqoboeDGjVDBPqAzlkyaaUMzmZBkCqV06cZfceNCEbd+gjv/xkw7C209EDiccy439/iCUaVt+9vKrKyurW9kN3Nb2zu7e/n9g6aKYolJA0cskm0fKcIoJw1NNSNtIQkKfUZa/vA68VsjIhWN+L0eC+KFqM9pQDHSRurmj6HB7dmVW3SLFVdQKB/K0B0hSYSiLEkU7JI9A1wmTkoKIEW9m/9yexGOQ8I1ZkipjmML7U2Q1BQzMs25sSIC4SHqk46hHIVEeZPZIVN4apQeDCJpHtdwpv6emKBQqXHom2SI9EAteon4n9eJdXDpTSgXsSYczxcFMYM6gkkrsEclwZqNDUFYUvNXiAdIIqxNdzlTgrN48jJplktOtVS9qxRq5bSOLDgCJ+AcOOAC1MANqIMGwOARPINX8GY9WS/Wu/Uxj2asdOYQ/IH1+QPs9pdn</latexit>

M 0 = 4⇡r2"

<latexit sha1_base64="6y4HszZJGjNfV0SOrLYcX9v/lxs="></latexit>
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• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM:

Stellar Structure with New Scalars

<latexit sha1_base64="ONSxHdbGpVxNGYMjFkg1/wiGEtY=">AAACCHicbVDLSgMxFM3UV62vqksXBovoopSZUqoboeDGjVDBPqAzlkyaaUMzmZBkCqV06cZfceNCEbd+gjv/xkw7C209EDiccy439/iCUaVt+9vKrKyurW9kN3Nb2zu7e/n9g6aKYolJA0cskm0fKcIoJw1NNSNtIQkKfUZa/vA68VsjIhWN+L0eC+KFqM9pQDHSRurmj6HB7dmVW3SLFVdQKB/K0B0hSYSiLEkU7JI9A1wmTkoKIEW9m/9yexGOQ8I1ZkipjmML7U2Q1BQzMs25sSIC4SHqk46hHIVEeZPZIVN4apQeDCJpHtdwpv6emKBQqXHom2SI9EAteon4n9eJdXDpTSgXsSYczxcFMYM6gkkrsEclwZqNDUFYUvNXiAdIIqxNdzlTgrN48jJplktOtVS9qxRq5bSOLDgCJ+AcOOAC1MANqIMGwOARPINX8GY9WS/Wu/Uxj2asdOYQ/IH1+QPs9pdn</latexit>

M 0 = 4⇡r2"

<latexit sha1_base64="6y4HszZJGjNfV0SOrLYcX9v/lxs="></latexit>
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<latexit sha1_base64="hQPqaucDEpTkIQu8m0clPsB3q7I="></latexit>

M 0 = 4⇡r2

"+

1

2

✓
1� 2GM

r

◆
(�0)

2
�

• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM: 

• Changed EOS: 

Stellar Structure with New Scalars

Switch on the coupling:

<latexit sha1_base64="yF+PndC8/omOkJWdv5GqZLZ8A4c="></latexit>
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<latexit sha1_base64="XorQ4xbWv+iWh2b+S3HLF9y9E3E=">AAACAHicbVDLSgMxFM34rPU16sKFm2AR6qbMlNp2WXDjsoJ9QGcYMmmmDU0yQ5IRytCNv+LGhSJu/Qx3/o1pO6BWDwQO59zLzTlhwqjSjvNpra1vbG5tF3aKu3v7B4f20XFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXByPfd790QqGos7PU2Iz9FI0IhipI0U2Kc88BJFoadjuKRlLxnTy8AuOZVm86reqEGn4izwTdyclECOdmB/eMMYp5wIjRlSauA6ifYzJDXFjMyKXqpIgvAEjcjAUIE4UX62CDCDF0YZwiiW5gkNF+rPjQxxpaY8NJMc6bFa9ebif94g1VHTz6hIUk0EXh6KUgZN2nkbcEglwZpNDUFYUvNXiMdIIqxNZ0VTgrsa+S/pVituvVK/rZVa1byOAjgD56AMXNAALXAD2qADMJiBR/AMXqwH68l6td6Wo2tWvnMCfsF6/wINdZYH</latexit>

m ! m (�)

<latexit sha1_base64="ZpGX5fzMzDri1jWo0i9CUBmPoJo="></latexit>

�00

1� 2GM

r

�
+

2

r
�0


1� GM

r
� 2⇡Gr2 ("� p)

�
=

@V

@�
+ n

@m (�)

@�
⌘ U(�, ⇢)

<latexit sha1_base64="Ou6TE6cKMPFwZ6PMMYLkMnccpoQ=">AAACInicbVDLSgMxFM3UV62vUZdugkVoQctMkaoLoeDGZQX7gE4ZMmnahiaZkGSEMvRb3Pgrblwo6krwY0wfi1o9cOFwzr25uSeSjGrjeV9OZmV1bX0ju5nb2t7Z3XP3Dxo6ThQmdRyzWLUipAmjgtQNNYy0pCKIR4w0o+HNxG8+EKVpLO7NSJIOR31BexQjY6XQvZLwGsqQF8RpGkyfSxXpjnkYSE0LgRzQ4rgIF5wz2JjJoZv3St4U8C/x5yQP5qiF7kfQjXHCiTCYIa3bvidNJ0XKUMzIOBckmkiEh6hP2pYKxInupNPNY3hilS7sxcqWMHCqLk6kiGs94pHt5MgM9LI3Ef/z2onpXXZSKmRiiMCzRb2EQRPDSV6wSxXBho0sQVhR+1eIB0ghbGyqORuCv3zyX9Iol/xKqXJ3nq+W53FkwRE4BgXggwtQBbegBuoAg0fwDF7Bm/PkvDjvzuesNePMZw7BLzjfPxZco1s=</latexit>

p = pm(n,m (�))� V (�)

<latexit sha1_base64="1K905zbjGiTqiFHB7/jSKDKaR4k="></latexit>

" = "m(n,m (�)) + V (�)

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

<latexit sha1_base64="XorQ4xbWv+iWh2b+S3HLF9y9E3E=">AAACAHicbVDLSgMxFM34rPU16sKFm2AR6qbMlNp2WXDjsoJ9QGcYMmmmDU0yQ5IRytCNv+LGhSJu/Qx3/o1pO6BWDwQO59zLzTlhwqjSjvNpra1vbG5tF3aKu3v7B4f20XFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXByPfd790QqGos7PU2Iz9FI0IhipI0U2Kc88BJFoadjuKRlLxnTy8AuOZVm86reqEGn4izwTdyclECOdmB/eMMYp5wIjRlSauA6ifYzJDXFjMyKXqpIgvAEjcjAUIE4UX62CDCDF0YZwiiW5gkNF+rPjQxxpaY8NJMc6bFa9ebif94g1VHTz6hIUk0EXh6KUgZN2nkbcEglwZpNDUFYUvNXiMdIIqxNZ0VTgrsa+S/pVituvVK/rZVa1byOAjgD56AMXNAALXAD2qADMJiBR/AMXqwH68l6td6Wo2tWvnMCfsF6/wINdZYH</latexit>

m ! m (�): proton/neutron mass



• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM: 

• Changed EOS: 

<latexit sha1_base64="YALbfPcGADzXAhTkWmNSLHlxhj8="></latexit>
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<latexit sha1_base64="6ceMa8dUbWfbchsh1uE69dhYItQ=">AAACJnicbVBLSwMxGMz6rPW16tFLsAgtaNktUr0UCl48VrAP6JYlm6ZtaJINSVYoS3+NF/+KFw8VEW/+FNPHwbYOBIaZ78skE0lGtfG8b2djc2t7Zzezl90/ODw6dk9OGzpOFCZ1HLNYtSKkCaOC1A01jLSkIohHjDSj4f3Ubz4TpWksnsxIkg5HfUF7FCNjpdCtSFiBMuR5cZUGs+vSiCE8HPMwkJrmAzmghXEBLnnXsDE3QjfnFb0Z4DrxFyQHFqiF7iToxjjhRBjMkNZt35OmkyJlKGZknA0STaSNQH3StlQgTnQnnWWP4aVVurAXK3uEgTP170aKuNYjHtlJjsxAr3pT8T+vnZjeXSelQiaGCDwP6iUMmhhOO4Ndqgg2bGQJworat0I8QAphY5vN2hL81S+vk0ap6JeL5cebXLW0qCMDzsEFyAMf3IIqeAA1UAcYvIA3MAEfzqvz7nw6X/PRDWexcwaW4Pz8Ak89pQc=</latexit>

p = pm(n,m (�))� V (�)

<latexit sha1_base64="cgsv443/1A1KXBGvZvaz7tsNr+E="></latexit>

" = "m(n,m (�)) + V (�)
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Stellar Structure with New Scalars

<latexit sha1_base64="hdIhi/tXanbFwmTELvKEq1BIyOs="></latexit>
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Simplifying limit: 

Scalar gradient costs energy: 

 scale for scalar gradient: 

Neglect Gradient in large objects if 

⟹

<latexit sha1_base64="GL51IS/BjV1LO/78B/Gay59woFU=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKECmMlFsby6ENqoshxnNaq7US2g1RFXVn4FRYGEGLlD9j4G5w2A7QcydLxOffq3nvClFGlHefbqqysrq1vVDdrW9s7u3v2/kFXJZnEpIMTlsh+iBRhVJCOppqRfioJ4iEjvXB8Vfi9ByIVTcS9nqTE52goaEwx0kYKbOgxUxyhwEtH1HwYvA08jvRI8vxOIzkN7LrTcGaAy8QtSR2UaAf2lxclOONEaMyQUgPXSbWfI6kpZmRa8zJFUoTHaEgGhgrEifLz2SVTeGKUCMaJNE9oOFN/d+SIKzXhoaksllSLXiH+5w0yHV/6ORVpponA80FxxqBOYBELjKgkWLOJIQhLanaFeIQkwtqEVzMhuIsnL5PuWcNtNpo35/WWU8ZRBUfgGJwCF1yAFrgGbdABGDyCZ/AK3qwn68V6tz7mpRWr7DkEf2B9/gCP8po5</latexit>
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]



• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM: 

• Changed EOS: 

<latexit sha1_base64="YALbfPcGADzXAhTkWmNSLHlxhj8="></latexit>
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Stellar Structure with New Scalars

Neglect Gradient in large objects: 
Drop 
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
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• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM: 

• Changed EOS: 
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Stellar Structure with New Scalars

Neglect Gradient : 
Drop 
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• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Scalar EOM: 

• Changed EOS: 

<latexit sha1_base64="HU+3j4GUXm75CTdb4456Wcd9i6s="></latexit>
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Stellar Structure with New Scalars
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Example: Light QCD axion 

Scalar effective potential
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Example: Light QCD axion 
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Scalar effective potential



Example: Light QCD axion 

Scalar effective potential
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Example: Light QCD axion 

Combine with axion/scalar “bare” mass:

Scalar effective potential
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Ve↵ = V (�) + "m(n,m (�)) ⇡
�
"m2

⇡f
2
⇡ � �Nn

�✓
cos

✓
a

fa

◆
� 1

◆

<latexit sha1_base64="hymu1LYmjuiLZJqpiL4j126HySY="></latexit>

L � �V (a)� �Nn

✓
cos

✓
a

fa

◆
� 1

◆
= �Ve↵(a)

<latexit sha1_base64="PT9jTKgq49rXVdKAF65CLSGQlH4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4qjNFqguRghtXUsE+oDOUTJppQzMzIbkjlqGf4cZfceNCEbfd+Tem7Sy09ZDA4Zx7SO7xpeAabPvbyq2srq1v5DcLW9s7u3vF/YOmjhNFWYPGIlZtn2gmeMQawEGwtlSMhL5gLX94M/Vbj0xpHkcPMJLMC0k/4gGnBIzULZ65PlHp3dgcF2LsChbA1S9N8f4ArrFLpFTxEzaJkl22Z8DLxMlICWWod4sTtxfTJGQRUEG07ji2BC8lCjgVbFxwE80koUPSZx1DIxIy7aWzxcb4xCg9HMTK3AjwTP2dSEmo9Sj0zWRIYKAXvan4n9dJILj0Uh7JBFhE5w8FicCmgmlLuMcVoyBGhhCquPkrpgOiCAXTZcGU4CyuvEyalbJTLVfvz0u1SlZHHh2hY3SKHHSBaugW1VEDUfSMXtE7+rBerDfr0/qaj+asLHOI/sCa/ACau6C0</latexit>

N̄N !
⌦
N̄N

↵
⇡ n

<latexit sha1_base64="Lq6wIB3h9NcdWCioWhS+fYWUQTo="></latexit>

L � �V (a)� �N N̄N

✓
cos

✓
a

fa

◆
� 1

◆

 =  1 for qcd axion,  
<< 1 for “light” axion 



 Scalar field gets sourced at 
finite density
⟹

Scalar effective potential
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n > nc =
✏m2

⇡f
2
⇡

�N

<latexit sha1_base64="vyldbftka1cjnwy0kNxO8vgDBsU="></latexit>

Ve↵ = V (�) + "m(n,m (�)) ⇡
�
"m2

⇡f
2
⇡ � �Nn

�✓
cos

✓
a

fa

◆
� 1

◆

Hook, Huang ’17, Balkin, Serra, Springmann, Stelzl, AW ’22 



Phase structure best understood by looking at energy per particle 

Scalar Induced Phase Transition
<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

SM

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]



Scalar Induced Phase Transition

SM

NGS

FOPT

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

Phase structure best understood by looking at energy per particle 

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n



Phase structure best understood by looking at energy per particle 

Scalar Induced Phase Transition
<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

SM

NGS

FOPT

New Ground State (NGS): 

lowest      at      

 ground state of matter 

            : metastable 

⟹

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n
<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="EN/OE0GVE7uoCdVvz/rsc3gZqNI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTqK3BI1YINyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVqrWH60rDzeMowhmcwyV4UIcG3EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8AfO5w9BWo7T</latexit>

n < nc

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

new ground state

<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="AB0J5Ia2ixyipHz8xEWAXQDvnJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpQQ7YoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/ZV1atVa/fXlYabx1GEMziHS/CgDg24gya0gMEInuEV3hzhvDjvzseyteDkM6fwB87nD0ZkjcE=</latexit>nc

0



Phase structure best understood by looking at energy per particle 

Scalar Induced Phase Transition
<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

SM

NGS

FOPT

New Ground State (NGS): 

lowest      at      

 ground state of matter 

            : metastable 

First Order Phase Transition: 

lowest      at 

 jump in density as field       
        becomes sourced 

⟹

⟹

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n
<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="EN/OE0GVE7uoCdVvz/rsc3gZqNI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTqK3BI1YINyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVqrWH60rDzeMowhmcwyV4UIcG3EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8AfO5w9BWo7T</latexit>

n < nc

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

<latexit sha1_base64="1L8cBNu4RSzPwDjGrrQUCdJDhoc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPcgbt1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7y0rdzeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/FX41s</latexit>

n = 0

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

new ground state

<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="AB0J5Ia2ixyipHz8xEWAXQDvnJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpQQ7YoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/ZV1atVa/fXlYabx1GEMziHS/CgDg24gya0gMEInuEV3hzhvDjvzseyteDkM6fwB87nD0ZkjcE=</latexit>nc

0

First Order Phase Transition 



Constraints from White Dwarf Mass Radius Relationship
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SM: continuous prediction

Observing New Ground States

SM
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



SM: continuous prediction 

With NGS: two branches: 

• : metastable 

• : stable 

 gap in radius 

ϕ = 0
ϕ ≠ 0

⟹

Observing New Ground States
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



SM: continuous prediction 

With NGS: two branches: 
• : metastable 
• : stable 

 gap in radius 

ϕ = 0
ϕ ≠ 0

⟹

Observing New Ground States

SM
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mass becomes  
tachyonic

constant density object 
<latexit sha1_base64="pBJoj81TQfVHrSvIvTuzkfwISvw=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBHEQ9kVqV6EghePFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyaCG+t532hldW19Y7OwVdze2d3bLx0cNo1KNWUNqoTS7ZAYJrhkDcutYO1EMxKHgrXC0e3Ubz0xbbiSD3acsCAmA8kjTol1UlPeYNk775XKXsWbAS8TPydlyFHvlb66fUXTmElLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jksTMBNns2gk+dUofR0q7khbP1N8TGYmNGceh64yJHZpFbyr+53VSG10HGZdJapmk80VRKrBVePo67nPNqBVjRwjV3N2K6ZBoQq0LqOhC8BdfXibNi4pfrVTvL8s1L4+jAMdwAmfgwxXU4A7q0AAKj/AMr/CGFHpB7+hj3rqC8pkj+AP0+QOV845x</latexit>n = n⇤

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



SM: continuous prediction 

With NGS: two branches: 
• : metastable 
• : stable 

 gap in radius 

Observe WDs in this gap 
 exclusion 

ϕ = 0
ϕ ≠ 0

⟹

⟹

Observing New Ground States: ɸ-dwarfs
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

Gap contradicts observations 
of white dwarfs!



Axion parameter space

axion mass

ax
io

n 
co
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lin

g

https://github.com/cajohare/AxionLimits

this work

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



beyond axion-like theories
<latexit sha1_base64="l9yyXhDy3PHh9GOVcRzOZPFvYyQ="></latexit>

Lint =
d(2)me

2M2
p

me�
2 ̄e e

scalar-electron coupling

[Bartnick, Springmann, Stelzl, Weiler: To appear]

vs.



beyond axion-like theories
<latexit sha1_base64="l9yyXhDy3PHh9GOVcRzOZPFvYyQ="></latexit>

Lint =
d(2)me

2M2
p

me�
2 ̄e e

scalar-electron coupling
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Observing New Ground States (general couplings)
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Powerful probe: stronger than lab-based

atomic and nuclear clock bounds are much weaker 

(& only work if scalar is significant fraction of DM)

[Bartnick, Springmann, Stelzl, Weiler: To appear]
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Conclusions
• Is the Standard Model completion natural? What is it? 


• How do we go beyond? energy? intensity? precision? 


• Dead stars are precision laboratories for probing new physics beyond the 
Standard Model. 


• Neutron stars are less precise but probe higher scales (I didn’t have time to 
talk about them.)


• Density effects dramatically reshape both stellar structure and particle 
emission processes. Much more to do. 


