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Dark Matter

We know VERY little about dark matter

1) Non-relativistic
2) Gravitational Interactions
3) No evidence for any other interactions
4) Adiabatic (small isocurvature) perturbations
5) ￼ρDM ≈ 10 meV4
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Dark Matter

We know VERY little about dark matter

1) Non-relativistic
2) Gravitational Interactions
3) No evidence for any other interactions
4) Adiabatic (small isocurvature) perturbations
5) ￼ρDM ≈ 10 meV4

Time dependent and has units



Coincidence
Universe content

• DM makes up the majority of matter content of the 
universe


• When discussing DM we usually try to find a viable 
production mechanism that explains observed 
abundance 
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This is a VERY surprising 
coincidence

ρDM

ρbaryons
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Dimensional Transmutation : Upside

Back in the olden days
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mp ⌧ MPl

Very elegant solution
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mp = MPl e
O(1)/↵s

Proton mass exponentially 
sensitive to UV parameters



Dimensional Transmutation : Downside

<latexit sha1_base64="IPtbP31S/pMCUV/4DzvGr6TU3TE="></latexit>

⇢B = mpnB ⇠ eO(1)/↵s · · ·

Baryon abundance also exponentially sensitive
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⇢D = 5⇢B

Exponential coincidence - Demands Explanation!



Previous Approach

Only one type of solution currently on the market
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He Who Must Not Be Named : Anthropics



Previous Approach

Only one type of solution currently on the market
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Mirror world baryogenesis

Asymmetric Dark Matter

(Broken) Mirror world

Coupled CFTs

Dark/SM unification



Goal

Does this imply that dark matter must have its mass 
around a few GeV?

I like other DM candidates such as ultra light and ultra 
heavy DM though…

Goal of this talk : Present a new approach that works for 
(almost) any DM candidate



Idea Sketch

Couple a scalar to dark matter and baryon mass terms such that at its 
finite density minimum the energy densities are comparable 
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Toy Model

Take dark matter to get its mass from the confinement of 
a dark sector gauge group

Couple our scalar as

<latexit sha1_base64="1IDokoomP2LlWleJt8qzAtg0wug="></latexit>
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Beta Functions O(1) constants

<latexit sha1_base64="nGTbYNgxAa24hNuRGG4/uFNMAEY=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqs4UUTdC0S5cuKhgH9COQyaTaUOTzJBkhDIU/BU3LhRx63e4829M21lo64HA4Zx7uDcnSBhV2nG+rYXFpeWV1cJacX1jc2vb3tltqjiVmDRwzGLZDpAijArS0FQz0k4kQTxgpBUMrsd+65FIRWNxr4cJ8TjqCRpRjLSRfHuf+zV4Cbu3JhIiv/ZQOYl85Nslp+xMAOeJm5MSyFH37a9uGOOUE6ExQ0p1XCfRXoakppiRUbGbKpIgPEA90jFUIE6Ul03OH8Ejo4QwiqV5QsOJ+juRIa7UkAdmkiPdV7PeWPzP66Q6uvAyKpJUE4Gni6KUQR3DcRcwpJJgzYaGICypuRXiPpIIa9NY0ZTgzn55njQrZfes7N6dlqpXeR0FcAAOwTFwwTmoghtQBw2AQQaewSt4s56sF+vd+piOLlh5Zg/8gfX5A/XGlDU=</latexit>

mD = ⇤2
D/fa



Toy Model

Ala dimensional transmutation

2

FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as

LToy =
�

f

✓
�BcB

32⇡2
G

2
B
�

�DcD

32⇡2
G

2
D

◆
. (1)

GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is

�̈+ 3H�̇ = �
cB

f
m

0
B
e
cB�/f

nB +
cD

f
m

0
D
e
�cD�/f

nD. (2)

Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving

m
2
�
= V

00
⇡

c
2
B

f2
m

0
B
e
cB�/f

nB . (3)

If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-

tion follows the trajectory a(t) exp
⇣
cB

�

f

⌘
= const. We

can find the value of the constant by changing variables

in the EOM to x = a(t)
a(ti)
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⇣
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f
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x(t) = 0 (4)

where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction

x(t) =
f
2
H(ti)2

c
2
B
m

0
B
nB(ti)

= const. ) m�(t) = H(t). (5)

Imagine somehow we create baryons and dark matter
Finite density potential
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V (�) = mB(�)nB +mD(�)nD

mD(�) = ⇤2
D(�)/fa = mD(0)e�cD�/f
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Toy Model

Find Minimum
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V 0(�) = cB mB(�)nB � cD mD(�)nD = 0
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⇢D/⇢B = cB/cD ⇠ O(1)

Regardless of number densities, identity of DM, this 
mechanism automatically sets the baryon and dark 

matter energy densities similar!

f
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Toy Cosmology

Assume DM and Baryons have been produced in a 
radiation dominated universe and are non-relativistic

Assume Baryons heavier than a GeV
Initially, we have

2

FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as

LToy =
�

f
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2
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32⇡2
G

2
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◆
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GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is

�̈+ 3H�̇ = �
cB

f
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0
B
e
cB�/f

nB +
cD

f
m

0
D
e
�cD�/f

nD. (2)

Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving
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nB . (3)

If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-

tion follows the trajectory a(t) exp
⇣
cB
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where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction

x(t) =
f
2
H(ti)2

c
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B
m

0
B
nB(ti)

= const. ) m�(t) = H(t). (5)
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FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as
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GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is

�̈+ 3H�̇ = �
cB

f
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cB�/f

nB +
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f
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nD. (2)

Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving
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If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-

tion follows the trajectory a(t) exp
⇣
cB
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where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction

x(t) =
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2
H(ti)2
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= const. ) m�(t) = H(t). (5)
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FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as
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GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is

�̈+ 3H�̇ = �
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Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving
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If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-

tion follows the trajectory a(t) exp
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where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction
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= const. ) m�(t) = H(t). (5)

Frozen Out

<latexit sha1_base64="d/HEh/wZ8Y0I6rpQxxCWXBbjxFQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLz1WsB/QXUo2zbahSTYkWaEs/RtePCji1T/jzX9j2u5Bqw8GHu/NMDMvVpwZ6/tfXmltfWNzq7xd2dnd2z+oHh51TJppQtsk5anuxdhQziRtW2Y57SlNsYg57caTu7nffaTasFQ+2KmikcAjyRJGsHVSKAahGjMUco6ag2rNr/sLoL8kKEgNCrQG1c9wmJJMUGkJx8b0A1/ZKMfaMsLprBJmhipMJnhE+45KLKiJ8sXNM3TmlCFKUu1KWrRQf07kWBgzFbHrFNiOzao3F//z+plNbqKcSZVZKslyUZJxZFM0DwANmabE8qkjmGjmbkVkjDUm1sVUcSEEqy//JZ2LenBVD+4va43bIo4ynMApnEMA19CAJrSgDQQUPMELvHqZ9+y9ee/L1pJXzBzDL3gf3ynSkR0=</latexit>

m� ⌧ H

<latexit sha1_base64="OkLz0iXi1i4jcLCKyqQHC+fgGmg="></latexit>

�̈+ 3H�̇ ⇡ �cB

f
⇢B(�)

<latexit sha1_base64="0TGXe8MIuGima7yDuI67Sz8ebgQ=">AAAB/HicbVDLSgMxFL3js9bXaJdugkVwVWZE1GXRjcsK9gHtUDJppg3NZEKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3JveeUHKmjed9Oyura+sbm6Wt8vbO7t6+e3DY0kmqCG2ShCeqE2JNORO0aZjhtCMVxXHIaTsc30z99gNVmiXi3mSSBjEeChYxgo2V+m6lN0gM6skRQz0spUoekdd3q17NmwEtE78gVSjQ6Ltf9hWSxlQYwrHWXd+TJsixMoxwOin3Uk0lJmM8pF1LBY6pDvLZ8hN0YpUBihJlSxg0U39P5DjWOotD2xljM9KL3lT8z+umJroKciZkaqgg84+ilCOToGkSaMAUJYZnlmCimN0VkRFWmBibV9mG4C+evExaZzX/oubfnVfr10UcJTiCYzgFHy6hDrfQgCYQyOAZXuHNeXJenHfnY9664hQzFfgD5/MHx0mUNQ==</latexit>

�̇ ⇡ 0

Not much happens

Everything just redshifts as usual



Toy Cosmology : Pseudo-Slow roll

2

time

Λ B
(t)

FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as
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GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is
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Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving
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If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-
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where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction
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Pseudo-Slow Roll

<latexit sha1_base64="2lVClMzXVwnZ0u/51e0FbkoGSZU=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVUY9BLzlGMDGQXZbZySQZMi9mZoNhyZ948aCIV//Em3/jJNmDJhY0FFXddHelilFjg+DbK62tb2xulbcrO7t7+wf+4VHbyExj0sKSSd1JkSGMCtKy1DLSUZognjLymI7uZv7jmGhDpXiwE0VijgaC9ilG1kmJ7/MkUkMKI6SUlk+wkfjVoBbMAVdJWJAqKNBM/K+oJ3HGibCYIWO6YaBsnCNtKWZkWokyQxTCIzQgXUcF4sTE+fzyKTxzSg/2pXYlLJyrvydyxI2Z8NR1cmSHZtmbif953cz2b+KcCpVZIvBiUT9j0Eo4iwH2qCbYsokjCGvqboV4iDTC1oVVcSGEyy+vkvZFLbyqhfeX1fptEUcZnIBTcA5CcA3qoAGaoAUwGINn8ArevNx78d69j0VryStmjsEfeJ8/9MOTOA==</latexit>

m� ⇡ H

<latexit sha1_base64="OkLz0iXi1i4jcLCKyqQHC+fgGmg=">AAACJ3icbVDLSgMxFM3UV62vUZdugkWoiGVGRV1JqZsuK9gHdMqQSTNtaGYSkoxYhv6NG3/FjaAiuvRPTB+Cth4InHvOvdzcEwhGlXacTyuzsLi0vJJdza2tb2xu2ds7dcUTiUkNc8ZlM0CKMBqTmqaakaaQBEUBI42gfz3yG3dEKsrjWz0QpB2hbkxDipE2km9feZ0O19ATPXoET2EFej8l9JAQkt/DY+iFEuEU++VhGg6hJ3 vcLxdGPYe+nXeKzhhwnrhTkgdTVH37xSzASURijRlSquU6QrdTJDXFjAxzXqKIQLiPuqRlaIwiotrp+M4hPDBKB4ZcmhdrOFZ/T6QoUmoQBaYzQrqnZr2R+J/XSnR42U5pLBJNYjxZFCYMag5HocEOlQRrNjAEYUnNXyHuIROKNtHmTAju7MnzpH5SdM+L7s1ZvlSexpEFe2AfFIALLkAJVEAV1AAGD+AJvII369F6tt6tj0lrxprO7II/sL6+AVmMpHA=</latexit>

�̈+ 3H�̇ ⇡ �cB

f
⇢B(�)

<latexit sha1_base64="Nwyiwq8TrBk2zI/i4tuBAX0uYqk=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVUY9BLx4jmAdklzA7mSRD5rHMzAbCkj/x4kERr/6JN//GSbIHjRY0FFXddHclKWfGBsGXV1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7qTYEM5k7RpmeW0k2qKRcJpOxnfzf32hGrDlHy005TGAg8lGzCCrZN6vh+lI4YiwwSKuBoi2/OrQS1YAP0lYUGqUKDR8z+jviKZoNISjo3phkFq4xxrywins0qUGZpiMsZD2nVUYkFNnC8un6Ezp/TRQGlX0qKF+nMix8KYqUhcp8B2ZFa9ufif183s4CbOmUwzSyVZLhpkHFmF5jGgPtOUWD51BBPN3K2IjLDGxLqwKi6EcPXlv6R1UQuvauHDZbV+W8RRhhM4hXMI4RrqcA8NaAKBCTzBC7x6uffsvXnvy9aSV8wcwy94H9+lPZMF</latexit>

� ⇠ log t

Schematically

So that

<latexit sha1_base64="Wf6uoXb6SHEkUzwtuZrdCSZ/3gU=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxhLvEqEeiF4+YyCPCSmaHASbMzm5mek3Ihr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+cS1EZG6x3HM/ZAOlOgLRtFKDx0jQuKd4WOlWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258 bop1SjYJJPCp3E8JiyER3wtqWKhtz46eziCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j7pCc0ZyrEllGlhbyVsSDVlaEMq2BC8xZeXSaNS9i7K3t15qXqdxZGHIziGU/DgEqpwCzWoAwMFz/AKb45xXpx352PemnOymUP4A+fzB1iTkA0=</latexit>

⇠ 1/t2
<latexit sha1_base64="Wf6uoXb6SHEkUzwtuZrdCSZ/3gU=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxhLvEqEeiF4+YyCPCSmaHASbMzm5mek3Ihr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+cS1EZG6x3HM/ZAOlOgLRtFKDx0jQuKd4WOlWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46eziCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j7pCc0ZyrEllGlhbyVsSDVlaEMq2BC8xZeXSaNS9i7K3t15qXqdxZGHIziGU/DgEqpwCzWoAwMFz/AKb45xXpx352PemnOymUP4A+fzB1iTkA0=</latexit>

⇠ 1/t2

⇤QCD ⇠ 1/a(t) ⇠ 1/
p
t

<latexit sha1_base64="gWKTu0n8CdAAv0D2VmgY0nslFkY=">AAACEnicbVC7SgNBFJ31GeMramkzGISkibsiaBmMhYVFAuYB2bDMTibJkNnZdeauEJZ8g42/YmOhiK2VnX/jJFlBEw8MHM45lzv3+JHgGmz7y1paXlldW89sZDe3tnd2c3v7DR3GirI6DUWoWj7RTHDJ6sBBsFakGAl8wZr+sDLxm/dMaR7KWxhFrBOQvuQ9TgkYycsV3RsT7hIvqVWuxtjVPMDOCSlA8Ye7+k5BAmMvl7dL9hR4kTgpyaMUVS/36XZDGgdMAhVE67ZjR9BJiAJOBRtn3ViziNAh6bO2oZIETHeS6UljfGyULu6FyjwJeKr+nkhIoPUo8E0yIDDQ895E/M9rx9C76CRcRjEwSWeLerHAEOJJP7jLFaMgRoYQqrj5K6YDoggF02LWlODMn7xIGqclxy45tbN8+TKtI4MO0REqIAedozK6RlVURxQ9oCf0gl6tR+vZerPeZ9ElK505QH9gfXwD1/OcUw==</latexit><latexit sha1_base64="gWKTu0n8CdAAv0D2VmgY0nslFkY=">AAACEnicbVC7SgNBFJ31GeMramkzGISkibsiaBmMhYVFAuYB2bDMTibJkNnZdeauEJZ8g42/YmOhiK2VnX/jJFlBEw8MHM45lzv3+JHgGmz7y1paXlldW89sZDe3tnd2c3v7DR3GirI6DUWoWj7RTHDJ6sBBsFakGAl8wZr+sDLxm/dMaR7KWxhFrBOQvuQ9TgkYycsV3RsT7hIvqVWuxtjVPMDOCSlA8Ye7+k5BAmMvl7dL9hR4kTgpyaMUVS/36XZDGgdMAhVE67ZjR9BJiAJOBRtn3ViziNAh6bO2oZIETHeS6UljfGyULu6FyjwJeKr+nkhIoPUo8E0yIDDQ895E/M9rx9C76CRcRjEwSWeLerHAEOJJP7jLFaMgRoYQqrj5K6YDoggF02LWlODMn7xIGqclxy45tbN8+TKtI4MO0REqIAedozK6RlVURxQ9oCf0gl6tR+vZerPeZ9ElK505QH9gfXwD1/OcUw==</latexit><latexit sha1_base64="gWKTu0n8CdAAv0D2VmgY0nslFkY=">AAACEnicbVC7SgNBFJ31GeMramkzGISkibsiaBmMhYVFAuYB2bDMTibJkNnZdeauEJZ8g42/YmOhiK2VnX/jJFlBEw8MHM45lzv3+JHgGmz7y1paXlldW89sZDe3tnd2c3v7DR3GirI6DUWoWj7RTHDJ6sBBsFakGAl8wZr+sDLxm/dMaR7KWxhFrBOQvuQ9TgkYycsV3RsT7hIvqVWuxtjVPMDOCSlA8Ye7+k5BAmMvl7dL9hR4kTgpyaMUVS/36XZDGgdMAhVE67ZjR9BJiAJOBRtn3ViziNAh6bO2oZIETHeS6UljfGyULu6FyjwJeKr+nkhIoPUo8E0yIDDQ895E/M9rx9C76CRcRjEwSWeLerHAEOJJP7jLFaMgRoYQqrj5K6YDoggF02LWlODMn7xIGqclxy45tbN8+TKtI4MO0REqIAedozK6RlVURxQ9oCf0gl6tR+vZerPeZ9ElK505QH9gfXwD1/OcUw==</latexit><latexit sha1_base64="gWKTu0n8CdAAv0D2VmgY0nslFkY=">AAACEnicbVC7SgNBFJ31GeMramkzGISkibsiaBmMhYVFAuYB2bDMTibJkNnZdeauEJZ8g42/YmOhiK2VnX/jJFlBEw8MHM45lzv3+JHgGmz7y1paXlldW89sZDe3tnd2c3v7DR3GirI6DUWoWj7RTHDJ6sBBsFakGAl8wZr+sDLxm/dMaR7KWxhFrBOQvuQ9TgkYycsV3RsT7hIvqVWuxtjVPMDOCSlA8Ye7+k5BAmMvl7dL9hR4kTgpyaMUVS/36XZDGgdMAhVE67ZjR9BJiAJOBRtn3ViziNAh6bO2oZIETHeS6UljfGyULu6FyjwJeKr+nkhIoPUo8E0yIDDQ895E/M9rx9C76CRcRjEwSWeLerHAEOJJP7jLFaMgRoYQqrj5K6YDoggF02LWlODMn7xIGqclxy45tbN8+TKtI4MO0REqIAedozK6RlVURxQ9oCf0gl6tR+vZerPeZ9ElK505QH9gfXwD1/OcUw==</latexit>



Toy Cosmology : Pseudo-Slow roll

2

time

Λ B
(t)

FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as
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GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is
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Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving
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If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-
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x(t) = 0 (4)

where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction

x(t) =
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= const. ) m�(t) = H(t). (5)
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Toy Cosmology : Damped Oscillations

Dark Matter becomes 
important
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FIG. 1: An example log-log plot of how the confinement scale
evolves as a function of time in our toy model. Initially while
� is extremely over damped, the confinement scale ⇤B does
not change. After a while, pseudo-slow with m� ⇠ H occurs
and the confinement scale relaxes with time. Eventually it
reaches its minimum where ⇢B ⇠ ⇢D and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

cosmology in Sec. III. We discuss the constraints on our
model in Sec. IV. Finally, we conclude in Sec. V.

II. TOY MODEL AND COSMOLOGY

We first discuss a toy model to highlight the relaxation
mechanism and its associated cosmology. The star of the
show is a scalar � that controls the mass of a baryon (B)
and a dark matter (D) via dimensional transmutation.
We couple � to our two sectors as

LToy =
�

f

✓
�BcB

32⇡2
G

2
B
�

�DcD

32⇡2
G

2
D

◆
. (1)

GB,D are the field strength of confining sectors determin-
ing the mass of their respective particles and �B,D their
beta functions. The linear coupling of � to GB,D shifts
their gauge couplings and due to dimensional transmu-
tation this translates to a change in their corresponding
confinement scales

mB(�) = ⇤B(�) = ⇤B(0)e
cB�/f

mD(�) = ⇤D(�) = ⇤D(0)e�cD�/f
,

where for simplicity we have taken masses of the particles
of interest equal to their confinement scale.

We will be interested in the evolution of � and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time
is given in Fig. 1. The equation of motion which we will

be considering is

�̈+ 3H�̇ = �
cB

f
m

0
B
e
cB�/f

nB +
cD

f
m

0
D
e
�cD�/f

nD. (2)

Without the loss of generality we shifted � so that the
minimum of the potential is located at � = 0. We as-
sume that baryons and dark matter have already been
produced and are a non-relativistic subdominant energy
density to whatever drives the expansion of the universe.
For simplicity, we will assume that the starting value of
⇤B is larger than its final value so that ⇤B (⇤D) is re-
laxed to a smaller (larger) number. In what follows, we
specialize to a radiation dominated universe only occa-
sionally leaving comments on what changes as one varies
the equation of state.

As is standard, the evolution of � can be character-
ized by an underdamped and overdamped state. Due to
our assumption that baryons start o↵ heavier than their
final value, the mass of � is dominated by the baryon’s
contribution giving

m
2
�
= V

00
⇡

c
2
B

f2
m

0
B
e
cB�/f

nB . (3)

If initially H > m�, then � is frozen in place until H ⇠

m� where it enters a pseudo slow roll regime. Unlike the
usual slow roll scenario, �̈ and �̇ terms in the equation
of motion can be equally important. The mass of � will
change as a function of time ensuring that H ⇠ m� for a
prolonged period of time.

The second scenario is the underdamped fast roll
regime where H > m�. In this scenario, � oscillates
quickly in time. Depending on the amplitude of the os-
cillation, the exponential form of the potential may play
a critical roll changing how various energy densities di-
lute as a function of time. Our analysis will be done in
the limit where despite the large oscillation of the QCD
and dark scale, dark matter and baryons both remain
non-relativistic.

a. Pseudo Slow Roll : If m� ⌧ H, � is essentially
frozen in place. Once m� ⇠ H, � to a good approxima-

tion follows the trajectory a(t) exp
⇣
cB

�

f

⌘
= const. We

can find the value of the constant by changing variables

in the EOM to x = a(t)
a(ti)

exp
⇣
cB

�

f

⌘

ẍ(t)

x(t)
�

✓
ẋ(t)

x(t)

◆2

+ 3H(t)
ẋ(t)

x(t)
�H(t)2

+
c
2
B
m

0
B
nB

f2

✓
a(t)

a(ti)

◆�1

x(t) = 0 (4)

where we neglected the contribution from the dark sector.
Since we are looking for a static solution we can neglect
terms that involve derivatives, leading to a prediction

x(t) =
f
2
H(ti)2

c
2
B
m

0
B
nB(ti)

= const. ) m�(t) = H(t). (5)

Damped Oscillations
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Toy Cosmology : Summary

 : Summarymϕ(ϕ) ≪ H(T)
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ϕ
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)

Pseudo slow roll

ϕ(t) = const ϕ(t) ∝ ln(t) ϕ(t) ∝ a(t)-3/4



SM example : Challenges

Two basic issues with implementing this in the SM

1. Its very excluded

2. Temperature effects



SM example : Challenges

Constraints

Mechanism works anywhere and everywhere

In a neutron star, clearly energy densities of baryons and 
dark matter are not the same



SM example : Challenges

Solution

Add a bare potential

Neutron star doesn’t change proton 
mass by much as long as
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5

the SM during a single Hubble time

⇢SM (t) ⇠
�(t)

H(t)
⇢�E , (12)

giving an energy density that falls in time as 1/a(t).

IV. BOUNDS

A. Neutron Star

While the potential in Eq. 2 works in the early uni-
verse, it will fail today as any macroscopic body is many
orders of magnitude denser than the average cosmological
density. As a result we would end up with much lighter
protons inside macroscopic bodies than in the vacuum.
The most extreme example that we need to clear is the
neutron star, ⇢NS ⇠ (100MeV)4. Taking into account
the bare potential for �, the potential inside of a neutron
star is approximately

V = ⇢NS exp

✓
cB

✓
�

f

◆◆
+ ⇤4

0 cos

✓
�

F
+ ✓

◆
(13)

Requiring that the neutron star does not displace the
minimum by more than F gives

⇤4
0

F

>
⇠

cB

f
⇢NS . (14)

This bound is satisfied for parameters we chose.

B. Fifth force and Stellar Constraints

With any light Yukawa coupled scalar, the dominant
constraints come from stars and fifth force measurements.
� mediates a long-range force between nuclei

V � exp

✓
cB�

f

◆
mB ̄ !

cB�

f
mB ̄ . (15)

The example data point we chose barely squeaks by the
current stellar constraints [24]. Evading fifth force mea-
surements requires this force to have to have a short
enough range. Our � mass is

m� =
⇤2
0

F
= 1 eV

✓
F

105 GeV

◆�1

, (16)

and was chosen to be right on the edge of fifth force
constraints [25–32].

C. � decays

Amusingly, � can very easily be a significant fraction
of dark matter as its kinetic energy during pseudo slow

roll is comparable to the baryonic energy density. As
discussed in the Appendix, � is necessarily coupled to
photons and thus can decay into them. While in our
particular data point, the � lifetime is long enough that it
evades current constraints, in some regions of parameter
space this is a concern [33, 34].

V. CONCLUSIONS

In this article, we presented a new approach towards
explaining ⌦c ⇡ 5⌦b. A scalar adjusts the baryon and
dark matter masses such that ⌦c ⇡ 5⌦b regardless of
the production mechanism for baryons and dark matter
and independent of the identity of dark matter. This
approach thus allows one to explain why promising dark
matter candidates, such as the QCD axion, have energy
density so close to that of the baryons despite their pro-
duction mechanisms being completely independent.

Our adjustment mechanism is extremely testable. The
scalar � mediates a new force, potentially visible in fifth
force experiments and astrophysical environments. It
also gives the proton mass such a strong environmental
dependence that modifications need to be made to evade
this constraint.

What we presented is the essence of a new mechanism.
It still remains to explore all regions of parameter space.
Additionally, this mechanism is extremely versatile and
it would be interesting to see how it meshes with various
favored dark matter candidates. Finally, while the EFT
is extremely minimal, the UV completion is more com-
plicated. It would be exciting if a more compelling UV
completion were to be put forth.
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SM example : ChallengesVacuum potential
In order to preserve  
we require 

ρB ∼ ρDM
F ≲ f/c
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SM example : Challenges

Two basic issues with implementing this in the SM

1. Its very excluded

2. Temperature effects

How to make it happen

Main challenges to overcome: 

1. Finite density effects today ☑


2. SM bath contribution to the potential

30
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SM example : Challenges

Finite Temperature
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1.    Scanning the QCD scale inevitably leads to scanning 
the fine structure constant
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Figure 9. The eight leading order diagrams contributing to the free energy that lead to w(T ) 6= 1/3.
F1,2,3 involve gauge bosons and/or ghosts and are present for any non-abelian gauge theory. F4,5

(F6) are present whenever there is a scalar (fermion) charged under a gauge group. F7 is the leading
diagram for Yukawa couplings while F8 is the leading diagram for quartic couplings.

most easily expressed in terms of

I =
T
2
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Ĩ = �

T
2

24
. (A.3)

The first three diagrams are present in any non-Abelian gauge theory and evaluate to

F1 = 3g2C2(G)d(G)I2 F2 = �
9

4
g
2
C2(G)d(G)I2 F3 =

1

4
g
2
C2(G)d(G)I2, (A.4)

where d(G) is the dimension of the group and C2(G) is its quadratic casmir. The next two

diagrams are present in any gauge theory with charged scalars

F4 = 4g2C2(R)d(R)I2 F5 = �
3

2
g
2
C2(R)d(R)I2, (A.5)

where as before d(R) (C2(R)) is the dimension (quadratic casmir) of the representation. For

abelian theories C2(R) = Q
2. Diagram F6 is present for theories with charged Weyl fermions
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SM example : Challenges

Finite Temperature

2.    Free energy at low energies depends on fine 
structure constant

9

of � that scales like

V (�) ⇡
1

8
m

2
⇡
T

2 + · · · . (S5)

When T ⇠ m⇡, this potential for � can reach a strength as large as T 4 in magnitude.

B. Fine structure constant

The next contribution to the potential of � that we consider is a two step problem. Firstly, due to loop e↵ects a
scalar � that scans the QCD scale will inevitably scale the fine structure constant as well. Secondly, due to loops of
charged particles, there is always a contribution to the potential energy of a system in the form of e2T 4 as long as T
is larger than the mass of a charged particle.

First we discuss how loop e↵ects cause � to also scan the fine structure constant. Let use first write down the two
couplings we are interested in

L =
�

f

�BcB

32⇡2
G

2 + c�
�

f
F

2
. (S6)

We are interested in what c� is generated at low energies assuming that it is 0 in the UV. At two loops, going through a
loop of quarks and gluons, one can already see that a coupling to photons is generated. This is even more complicated
by the fact that we need to RG evolve through the strongly coupled QCD phase transition, so that we expect any
calculation is O(1) uncertain.

An estimate for the coupling to photon generated by integrating through the QCD scale can be obtained by realizing
that to leading order in 1/f , that our coupling to QCD is the same as a dilaton. Since the dilaton always couples as
the beta function, we know that integrating through the QCD scale changes c� by the di↵erence between the UV and
IR beta functions. Thus we can estimate the size of c� from transitioning from 3 flavor QCD to a theory of pions and
kaons as
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cB

32⇡2

�
�
⇡,K
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Afterwards, RG evolution of ↵ coming from charged pions and kaons also changes

�
1

↵
= �

1

6⇡
log

m⇡

⇤QCD

�
1

6⇡
log

m⇡

⇤QCD

⇠
1

6⇡
log⇤QCD ⇠

cB�

6⇡f
) �RGc� ⇡

cB

96⇡2
. (S8)

Combined we arrive at the conclusion that

c� ⇠ O(1)
cB

32⇡2
. (S9)

The next step is how does the free energy depend on the fine structure constant, see e.g. Refs. [37, 38] for how
to do such a computation. While the final answer depends on what particles are in the thermal bath, the two loop
contribution coming from the electron is

f =
5

288
e
2(�)T 4

⇠ 10�6
T

4 cB�

f
(S10)

where we have done a Taylor series for small �. While highly suppressed, if one compares this term in the potential
to the one due to ⇢B , then at 10 MeV with a normal cosmology, one finds that this term is more important by a few
orders of magnitude. As a result of this issue, we were forced to consider an entropy dump.

III. PARAMETRIC RESONANCE

As � scans the QCD scale, it transverses a large distance in field space and in the process passes over the bumpy ⇤4
0

sized cosine potential. This process can cause parametric resonance whereby a non-zero k mode of � becomes unstable
removing energy from the zero mode and eventually causing � to fragment, see e.g. Ref. [39] for a detailed study in



SM example : ChallengesSM bath
Correction to the free energy density due to EM 
interactions is given by





While the Baryon contribution is





The mechanism has to finish before BBN, but at 
 EM contribution dominates over baryons.


We are forced to consider other cosmology in order 
to make mechanism possible.

fEM = 5
288 e2(ϕ)T4 ∼ 10−6T4 cBϕ

f

fB = 6 × 10−10mp(ϕ)T3 cBϕ
f

T ≳ 1 MeV
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scale factor

ρ X

Reheating

ρSM∝a
-4

10-6ρSM∝a
-4

ρB∝a
-3

T = 1 MeVT = 10 MeVT = 100 MeV

Standard CosmologyV (�) ⇠ cB
f
⇢B +

cB
f
10�6⇢SM
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SM example : Challenges

Non Standard Cosmology
Entropy Dump

Initial conditions

We use initial conditions inspired by today, 
where non-relativistic baryons have more 
energy than the relativistic content of the 
SM


There are examples of Baryogenesis 
mechanisms that can generate such 
hierarchy, e.g. Affleck-Dine


As a result we avoid SM contribution from 
affecting the mechanism.
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scale factor

ρ X

Reheating

SM

ΦE

Baryons

Thermal contribution subdominant

Need something like 
Affleck-Dine to get large 

Baryon number asymmetry

Early Decays

Baryons dominate over 
thermal energy



SM example : Lagrangian

ℒ =
ϕ
f ( βBcb

32π2
G2 −

βDcD

64π2
G2

D) + Λ4
0 cos ( ϕ

F
+ θ)

Scan baryon mass

Scan dark matter mass

Do nothing at early times, but 
prevent late time constraints



A Full SM Example
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m� = eVNon-zero mass
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Reheat Temperature

F = 107 GeV
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Scalar starts rolling
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Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densitiesStart Relaxation
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Scalar falls into the minimum
















arelax = 10−5

ρΦE
= (100 GeV)4

ρSM = 10 (10 MeV)4

ρB = (100 MeV)4

ρDM = 5ρB

mp = 1 GeV
scale factor

ρ
X

History

ρSM∝a
-1

ρΦE
∝a

-4

ρB∝a
-3

ρDM∝a
-3

a
-4

a
-3

Λ0
4

ai arelax a0 aeq aRH
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Scalar falls into the minimum
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Vacuum potential ( ) and SM bath ( ) become importanta0 aeq
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Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densities
Density independent potential becomes important
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Scalar falls into the minimum
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 Reheating
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scale factor

ρ
X

History

ρSM∝a
-1

ρΦE
∝a

-4

ρB∝a
-3

ρDM∝a
-3

a
-4

a
-3

Λ0
4

ai arelax a0 aeq aRH

Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densitiesReheat Standard Model



Constraints

From coupling to nucleons

Coupling to nuclei

The baryon part of the Lagrangian gives 
rise to a fifth force between nuclei 





The range of the force is controlled by the 
vacuum potential





ℒ ⊃ ecBϕ/f mpψ̄ψ ≈ cBϕ
f

mpψ̄ψ

mϕ = Λ2
0/F
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5th Force and Stellar Cooling

Scalar is around today and 
can decay into photons

Decay into photons

Linear coupling to photons inevitably results in the decay into photons





Parametrically, the decay rate is





For masses  we need to satisfy 

ℒ ⊃
cγϕ

f
F2

Γϕγγ = ( cγ

f )
2

m3
ϕ

mϕ ∼ 1 eV f/cB ≳ 1010 GeV
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Not a strong constraint for our 
parameters but can be strong



Parametric resonance
This can lead to parametric resonance 
that could remove energy from zero mode 
before the scalar reaches the minimum. 
(Fonseca, Morgante, Sato, Servant, 2020)


The t imescale of this process is 

. 


In order to prevent this effect from being 
important we require  at 

.

tfrag ∼ F ·ϕ3

Λ8
0

Htfrag ≳ 1
a = arelax
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ϕ

V
ϕ

Potential

Constraints

Parametric Resonance

Parametric resonance
The scalar gets trapped in the 
vacuum potential once its kinetic 
energy falls below the height of the 
potential . 


Before then it will roll over bumps of 
vacuum potential.


ρϕ ≲ Λ4
0
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ϕ

V
ϕ

Potential

Rolling over bumpy 
potentials can generate 

inhomogeneities 



Constraints
Can evade this constraint with only a 

little bit of extra model building

100 102 104 106 108
1011

1012

1013

mϕ [eV]

f c B
[G

eV
]

Parameter space

Parametric resonance

EP Stellar



Conclusion

The baryon/DM coincidence problem is a very 
troubling problem

Model is very observable

Scalar adjusts DM and baryon masses until 
energy densities are about equal

New solution that applies to almost all models of DM!

Interesting experimental 
signatures!

So little known about DM, need to have some opinion on this

Severe quality (hierarchy) problem



Backup Slides



Amusing Sociology

WIMP miracle

Historically WIMP masses between 10 GeV - 10 TeV

WIMP miracle was that it got within 6 orders of 
magnitude of the correct answer!

⇢DM

⇢baryon
⇠ m2

DM

↵2Mpl10�10 GeV
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Make it non-linearly realize a ZN symmetry
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f
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f
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Any potential for this PNGB can be written as

2

and is exponentially suppressed in N .
To get an intuitive understanding of why the potential

is so suppressed, we analyze the potential for � from a
symmetry perspective. Due to the ZN symmetry, the
potential for � must be 2⇡f/N periodic so that we can
express it as

V (�) =
X

k

ck sin

✓
Nk�

f
+ ✓k

◆
. (10)

We will see below that under a broad set of assumptions,

ck ⇠ ✏
Nk

. (11)

so that by taking ✏ small and N large, we can parametri-
cally separate the mass of the scalar from the UV cuto↵.

The quick and dirty way to derive that ck ⇠ ✏
Nk

is to note that e
iN�/f = (ei�/f )N so that N inser-

tions of the symmetry-breaking spurion ✏ei�/f are needed
to generate a potential for �. Alternatively, the rela-
tion can be obtained by considering the potential in fre-
quency space. The interaction frequency of � is ! = 1/f
(V ⇠ cos(!�)  c). The frequency associated with the
mass term and every other term in the potential for � is
N! = N/f due to the ZN symmetry. In order to con-
struct the high-frequency mass term, N contributions of
the lower frequency ! are needed. Each of these comes
with its own factor of ✏ giving the scaling shown in Eq. 11.

A critical assumption that was made implicitly in the
previous discussion is that there are no phase transitions
or massless particles as � varies in field space. Phase
transitions introduce discontinuities. By cutting up a
2⇡f symmetric potential, a 2⇡f/N symmetric potential
can be easily generated. This point will be exploited later
in the paper to obtain a light Higgs boson.

Since ✏ is a dimension-one number, we need to specify
what the dimensionless expansion parameter is. When
dealing with UV contributions to the potential, it is clear
that the expansion parameter is ✏/⇤. In this case,

ck ⇠ ⇤4
⇣
✏

⇤

⌘Nk

. (12)

In addition to UV contributions to the potential, there
will also be IR contributions. As an example of how
the IR contributions behave, consider the coupling to the
fermions discussed before in Eq. 4. The e↵ective potential
will depend on the fermion mass m in some manner,
e.g. m

4
 
logm . From this, one sees that the expansion

parameter for IR contributions to the potential is ✏/m 

and that

ck ⇠ ⇤4
IR

✓
✏

m 

◆Nk

. (13)

Depending on other IR parameters in the Lagrangian, the
IR potential for � can be relatively unsuppressed. Thus
scalars of this type are sensitive to the IR but insensitive
to the UV.

II. ANALYTIC BOUNDS

In the example given in the Introduction, we saw that
a scalar could couple strongly to matter yet remain light.
In this section, we extend the previous result to more gen-
eral situations. We describe under what circumstances
the mass of a scalar � is exponentially suppressed in N

and under what circumstances it is only power-law sup-
pressed in N .
Due to the ZN symmetry, the potential for � is of the

form

V (�) /
N�1X

k=0

F (
�

f
+

2⇡k

N
). (14)

Unlike before, we do not assume the existence of a small
coupling ✏. The results presented in this section are valid
for any choice of the function F and for any value of N
but are most useful in the case where F does not depend
explicitly on N .
The large-N limit of Eq. 14 is easy to understand as

the sum is simply a Riemann sum that converges to an
integral :

V (�) /

N�1X
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)

=
N

2⇡

Z 2⇡

0
F (✓)d✓ +O(N0). (15)

The leading-order piece is completely � independent so
that the mass of � is subleading in the large-N limit. Let
us denote the subleading piece that generates the mass
of � as

EN (F ) =

Z 2⇡

0
F (✓)d✓ �

2⇡

N

N�1X

k=0

F (
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f
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The scaling of the mass of � with N is an issue of estimat-
ing the convergence rate of the Riemann sum of F 00. Rie-
mann sums of periodic functions are known to converge
extremely quickly, and we present two useful theorems
(the proofs can be found in Section 9.4 of Ref. [1]).
The first theorem is a special case of the Euler-

Maclaurin theorem. If the function F is 2⇡ periodic and
2m+ 1 times di↵erentiable, then

|EN (F )| 
2

N2m+1

0

@
1X

j=1

1

j2m+1

1

A
Z 2⇡

0
|F

(2m+1)(✓)|d✓.

Potentials where there are massless particles as � varies
will have discontinuities and are not infinitely di↵eren-
tiable. In these cases, the mass of � is only power-law
suppressed by N .
The second theorem can be shown via the residue the-

orem. Let F be a 2⇡-periodic function that is also an-
alytic. Then there exists an open strip, which includes

Written in this form, if F is independent of N, 
then this is a Riemann Sum!
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V (�) /
N�1X

k=0

F (
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f
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2⇡k

N
) =

N

2⇡

Z 2⇡

0
F (✓)d✓ +O(N0)

Large N limit is independent of the PNGB

Expected since as N goes to infinity, you have a 
continuous shift symmetry



Convergence Theorems

Riemann sums have a lot of theorems associated with 
them

The potential for the PNGB comes entirely from the error 
in the Riemann sum in approximating an integral

2

and is exponentially suppressed in N .
To get an intuitive understanding of why the potential

is so suppressed, we analyze the potential for � from a
symmetry perspective. Due to the ZN symmetry, the
potential for � must be 2⇡f/N periodic so that we can
express it as
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We will see below that under a broad set of assumptions,

ck ⇠ ✏
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. (11)

so that by taking ✏ small and N large, we can parametri-
cally separate the mass of the scalar from the UV cuto↵.

The quick and dirty way to derive that ck ⇠ ✏
Nk

is to note that e
iN�/f = (ei�/f )N so that N inser-

tions of the symmetry-breaking spurion ✏ei�/f are needed
to generate a potential for �. Alternatively, the rela-
tion can be obtained by considering the potential in fre-
quency space. The interaction frequency of � is ! = 1/f
(V ⇠ cos(!�)  c). The frequency associated with the
mass term and every other term in the potential for � is
N! = N/f due to the ZN symmetry. In order to con-
struct the high-frequency mass term, N contributions of
the lower frequency ! are needed. Each of these comes
with its own factor of ✏ giving the scaling shown in Eq. 11.

A critical assumption that was made implicitly in the
previous discussion is that there are no phase transitions
or massless particles as � varies in field space. Phase
transitions introduce discontinuities. By cutting up a
2⇡f symmetric potential, a 2⇡f/N symmetric potential
can be easily generated. This point will be exploited later
in the paper to obtain a light Higgs boson.

Since ✏ is a dimension-one number, we need to specify
what the dimensionless expansion parameter is. When
dealing with UV contributions to the potential, it is clear
that the expansion parameter is ✏/⇤. In this case,

ck ⇠ ⇤4
⇣
✏

⇤

⌘Nk

. (12)

In addition to UV contributions to the potential, there
will also be IR contributions. As an example of how
the IR contributions behave, consider the coupling to the
fermions discussed before in Eq. 4. The e↵ective potential
will depend on the fermion mass m in some manner,
e.g. m

4
 
logm . From this, one sees that the expansion

parameter for IR contributions to the potential is ✏/m 

and that

ck ⇠ ⇤4
IR

✓
✏

m 

◆Nk

. (13)

Depending on other IR parameters in the Lagrangian, the
IR potential for � can be relatively unsuppressed. Thus
scalars of this type are sensitive to the IR but insensitive
to the UV.

II. ANALYTIC BOUNDS

In the example given in the Introduction, we saw that
a scalar could couple strongly to matter yet remain light.
In this section, we extend the previous result to more gen-
eral situations. We describe under what circumstances
the mass of a scalar � is exponentially suppressed in N

and under what circumstances it is only power-law sup-
pressed in N .
Due to the ZN symmetry, the potential for � is of the

form

V (�) /
N�1X

k=0

F (
�

f
+

2⇡k

N
). (14)

Unlike before, we do not assume the existence of a small
coupling ✏. The results presented in this section are valid
for any choice of the function F and for any value of N
but are most useful in the case where F does not depend
explicitly on N .
The large-N limit of Eq. 14 is easy to understand as

the sum is simply a Riemann sum that converges to an
integral :

V (�) /

N�1X

k=0

F (
�

f
+

2⇡k

N
)

=
N

2⇡

Z 2⇡

0
F (✓)d✓ +O(N0). (15)

The leading-order piece is completely � independent so
that the mass of � is subleading in the large-N limit. Let
us denote the subleading piece that generates the mass
of � as

EN (F ) =

Z 2⇡

0
F (✓)d✓ �

2⇡

N

N�1X

k=0

F (
�

f
+

2⇡k

N
). (16)

The scaling of the mass of � with N is an issue of estimat-
ing the convergence rate of the Riemann sum of F 00. Rie-
mann sums of periodic functions are known to converge
extremely quickly, and we present two useful theorems
(the proofs can be found in Section 9.4 of Ref. [1]).
The first theorem is a special case of the Euler-

Maclaurin theorem. If the function F is 2⇡ periodic and
2m+ 1 times di↵erentiable, then

|EN (F )| 
2

N2m+1

0

@
1X

j=1

1

j2m+1

1

A
Z 2⇡

0
|F

(2m+1)(✓)|d✓.

Potentials where there are massless particles as � varies
will have discontinuities and are not infinitely di↵eren-
tiable. In these cases, the mass of � is only power-law
suppressed by N .
The second theorem can be shown via the residue the-

orem. Let F be a 2⇡-periodic function that is also an-
alytic. Then there exists an open strip, which includes



Euler-Maclaurin Theorem

If the function F is analytic

Unlike before, we do not assume the existence of a small coupling ✏. The results presented
in this section are valid for any choice of the function F but are most useful in the case
where it does not depend explicitly on N.

The large-N limit of Eq. 2.1 is easy to understand as the sum is simply a Riemann sum
that converges to an integral :

V (�) /
N�1X

i=0

F (
�

f
+

2⇡i

N
) =

N

2⇡

Z 2⇡

0
F (✓)d✓ +O(N0) (2.2)

The leading order piece is completely � independent so that the mass of � is subleading in
the large-N limit. Let us denote the subleading piece that generates the mass of � as

EN (F ) =

Z 2⇡

0
F (✓)d✓ �

2⇡

N

N�1X

i=0

F (
�

f
+

2⇡i

N
) (2.3)

Hence the scaling of the mass of � with N is an issue of estimating the convergence rate
of the Riemann sum of F

00. Riemann sums of periodic functions are known to converge
extremely quickly and we present two useful theorems (the proofs can be found in Section
9.4 of Ref. [1]).

The first theorem is a special case of the Euler-Maclaurin theorem. If the function F
is 2⇡ periodic and 2m+ 1 times differentiable, then

|EN (F )| 
2

N2m+1

0

@
1X

j=1

1

j2m+1

1

A
Z 2⇡+�

f

�

f

|F
(2m+1)(✓)|d✓. (2.4)

Potentials where there are massless particles as � varies will have discontinuities and are
not infinitely differentiable. In these cases, the mass of � is only power law suppressed by
N.

The second theorem can be shown via the residue theorem. Let F be a 2⇡ periodic
function that is also analytic. Then there exists an open strip, which includes the real axis
axis and the complex axis from �ia to ia with a > 0, upon which F can be extended into
a holomorphic, 2⇡ periodic, bounded function with bound M. In this case,

|EN (F )| 
4⇡M

eNa � 1
. (2.5)

Potentials which are infinitely differentiable give an exponentially suppressed mass for �

even if there is no small parameter in the problem.
These two theorems demonstrate how much the mass of � can be suppressed for any

given potential. In the case where there are massless particles as � varies, the mass of � is
suppressed by how differentiable the potential is. In the case with no discontinuities, the
mass is exponentially suppressed even if there is no small number in the problem.

3 Examples

In the example given in the Introduction, we showed how a scalar (e.g. from a fifth force
or dark matter) Yukawa coupled to the SM, which naively looks tuned, can actually arise

– 4 –

Then there is a strip around the real axis from -i a to i a
where F is a holomorphic function with a bound M

Well behaved potentials where no particle becomes 
massless result in exponentially suppressed PNGB masses



Consider N decoupled QCDs all with one new 
vector-like fermion

QCDs/Fermions exchange under ZN

Scalar (non)-linearly realizes the ZN

Gk ! Gk+1

Light G2 scalar

ψk → ψk+1

Φ → e2πi/NΦ
Φ = feiϕ/f

ϕ/f → ϕ/f + 2π/N



Light G2 scalar

ℒ ⊃ ∑
j

(M + ye
2πj
N Φ) ψjψj

Yukawa coupled scalar

VCW = ∑
j

Λ2M2
j + M4

j log M2
j /Λ2

∝ M4(
y f
M

)Ncos(
Nϕ

f
)

Exponentially suppressed potential


