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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 

SM
5%

DM
27%

CC
68%

Dawid Brzeminski

3

3

ρDM

ρbaryons
= 5.36

You Should Care



Dimensional Transmutation : Upside

<latexit sha1_base64="Ge1TQcQnPnG1rDas1HvCN1mH03E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXrwIFewHtOuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdjq6nfvuRKs1ieW/GCfUFHkgWMYKNlR5EkKAe5+g2yBp8EpQrbtWdAS0TLycVyNEIyl+9fkxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfja7eoJOrNJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10aWfMZmkhkoyXxSlHJkYTSNAfaYoMXxsCSaK2VsRGWKFibFBlWwI3uLLy6R1VvVqVe/uvFK/yuMowhEcwyl4cAF1uIEGNIGAgmd4hTfnyXlx3p2PeWvByWcO4Q+czx/fH5Ic</latexit>

mp ⌧ MPl

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

Proton mass exponentially 
sensitive to UV parameters

Some old famous people told us 
that an important problem was*

*I was taught as a grad student that the proper response is to nod and agree, and 
then ignore them



Dimensional Transmutation : Downside
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⇢B = mpnB ⇠ eO(1)/↵s · · ·

Baryon abundance also exponentially sensitive

Exponential coincidence - 5.36 demands* an explanation!

*Data speaks to me, I swear I’m not crazy

ρD = 5.36 ρB



Previous Approach

Only one* type of solution currently on the market
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*We are in an anthropics free zone



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
~1000 papers ~10 papers



Goal

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



Goal

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

I like other DM 
candidates*…

*As long as it’s unpopular



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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Faux Pas - Tiny bit of Math

ℒ ⊃ y1ϕ1ψ1ψc
1 + y2ϕ2ψ2ψc

2 − λ(ϕ1ϕ2 − f2)2

SUSY inspired example

ϕ1 = f2/ϕ2

Finite density potential

V(ϕ) = m1(ϕ1)n1 + m2(ϕ2)n2

So easy, we’ll go over three examples today



Find Minimum

A little too predictive!

ϕ1V′￼(ϕ1) = ρ1 − ρ2 = 0

ρ1 = ρ2

V(ϕ1) = y1ϕ1n1 + y2
f2

ϕ1
n2

Faux Pas - Tiny bit of Math



Faux Pas - Tiny bit of Math

Moduli

Imagine somehow we create baryons and dark matter
Finite density potential

mB(ϕ) = mB(0)e−cBϕ/f

mD(ϕ) = mD(0)ecDϕ/f

V(ϕ) = mD(ϕ)nD + mB(ϕ)nB



Find Minimum

5.36 transformed into why are these constants similar

fV′￼(ϕ) = cDmD(ϕ)nD − cBmB(ϕ)nB = 0

ρD/ρB = cB/cD

V(ϕ) = mD(ϕ)nD + mB(ϕ)nB
mB(ϕ) = mB(0)e−cBϕ/f

mD(ϕ) = mD(0)ecDϕ/f

Faux Pas - Tiny bit of Math



5.36 transformed into why are these 
constants similar

ρD/ρB = cB/cD

Greed is Good*

Best Cases : predicting 5.36

Need to specify dark matter candidate and moduli interactions

*I’m a man of the times

Too predictive!

ρD = ρB



Need a dark matter candidate connected to baryons

Choosing your dark matter

So that coupling to baryons and dark 
matter are related to each other

Simple candidate : QCD axion

Connected to baryons : 
Can be dark matterℒ ⊃

a
fa

GG̃
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Axion dynamically sets 
the neutron EDM to 0
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QCD Axion Dark Matter*

ma ∼ mπ fπ /fa ∝ v1/2Λ3/2
QCD/fa

*I don’t read arxiv, axions are unpopular right?



Every UV completion of the axion involves new colored particles

Simplest UV completion

1

SU(N) SU(3)QCD

 ⇤ ⇤
 c ⇤ ⇤
� ⇤
�c ⇤

SU(3)QCD SU(N)
 ⇤ ⇤
 c ⇤ ⇤

ℒ ⊃ yΦψψc = yfeia/faψψc

*Food for thought.  Every other example of a composite 
particle having 0 dipole is solved by a relaxation solution



Goal

Relax energy densities such 
that they are equal
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QCD Axion DM

Combine both relaxation mechanisms*

2

+
2

3
� 1

3
dn = qx (32)

✓ (33)

|dn| ⇡ ex

p
1� cos ✓ (34)

⇡ 10
�14

e

p
1� cos ✓ cm (35)

|dn| < 2.9⇥ 10
�26

e cm (36)

✓ < 10
�12

(37)

U = �dn · E (38)

|dn| = 3.2⇥ 10
�16

(✓ + arg detYuYd) e cm (39)

✓ + arg detYuYd ⌘ ✓ < 10
�10

(40)

|dn| = 3.2⇥ 10
�16

(✓ � h a
fa

i) e cm (41)

V (a) a 0 2⇡fa ✓fa (42)

2

+
2

3
� 1

3
dn = qx (32)

✓ (33)

|dn| ⇡ ex

p
1� cos ✓ (34)

⇡ 10
�14

e

p
1� cos ✓ cm (35)

|dn| < 2.9⇥ 10
�26

e cm (36)

✓ < 10
�12

(37)

U = �dn · E (38)

|dn| = 3.2⇥ 10
�16

(✓ + arg detYuYd) e cm (39)

✓ + arg detYuYd ⌘ ✓ < 10
�10

(40)

|dn| = 3.2⇥ 10
�16

(✓ � h a
fa

i) e cm (41)

V (a) a 0 2⇡fa ✓fa (42)

2

+
2

3
� 1

3
dn = qx (32)

✓ (33)

|dn| ⇡ ex

p
1� cos ✓ (34)

⇡ 10
�14

e

p
1� cos ✓ cm (35)

|dn| < 2.9⇥ 10
�26

e cm (36)

✓ < 10
�12

(37)

U = �dn · E (38)

|dn| = 3.2⇥ 10
�16

(✓ + arg detYuYd) e cm (39)

✓ + arg detYuYd ⌘ ✓ < 10
�10

(40)

|dn| = 3.2⇥ 10
�16

(✓ � h a
fa

i) e cm (41)

V (a) a 0 2⇡fa ✓fa (42)

2

+
2

3
� 1

3
dn = qx (32)

✓ (33)

|dn| ⇡ ex

p
1� cos ✓ (34)

⇡ 10
�14

e

p
1� cos ✓ cm (35)

|dn| < 2.9⇥ 10
�26

e cm (36)

✓ < 10
�12

(37)

U = �dn · E (38)

|dn| = 3.2⇥ 10
�16

(✓ + arg detYuYd) e cm (39)

✓ + arg detYuYd ⌘ ✓ < 10
�10

(40)

|dn| = 3.2⇥ 10
�16

(✓ � h a
fa

i) e cm (41)

V (a) a 0 2⇡fa ✓fa (42)

2

+
2

3
� 1

3
dn = qx (32)

✓ (33)

|dn| ⇡ ex

p
1� cos ✓ (34)

⇡ 10
�14

e

p
1� cos ✓ cm (35)

|dn| < 2.9⇥ 10
�26

e cm (36)

✓ < 10
�12

(37)

U = �dn · E (38)

|dn| = 3.2⇥ 10
�16

(✓ + arg detYuYd) e cm (39)

✓ + arg detYuYd ⌘ ✓ < 10
�10

(40)

|dn| = 3.2⇥ 10
�16

(✓ � h a
fa

i) e cm (41)

V (a) a 0 2⇡fa ✓fa (42)

*Nothing bad has ever come from smashing together your two 
favorite foods, just ask any kid



Outline

• The Good
• The basic idea and prediction

• The Bad
• Cosmology + modifications needed to realize the idea

• The Ugly
• Model building needed to avoid fine tuning



First Pass

Introduce one new scalar and one new coupling*

fa(ϕ)

New scalar acts as a moduli for the axion decay constant

*Cool kids ignore hierarchy problems



Also Moduli for QCD

One coupling forces ￼  to be a moduli for both proton and 
dark matter (QCD axion)*

ϕ

ΛβQCD
QCD ∝ ∏

f

m2/3
f ∼ f2N/3

a

First Pass

*Equations will fly fast and furious so just nod and be impressed

Only 1 free parameter, N, the number of new colored particles



Ala dimensional transmutation

mB(ϕ) = ΛQCD(ϕ) ∝ fa(ϕ)2N
27

mD(ϕ) ∝ Λ3/2
QCD(ϕ)/fa(ϕ) ∝ fa(ϕ) N

9 −1

Don’t care what the function ￼  is!fa(ϕ)

First Pass

∂V
∂ϕ

=
∂fa
∂ϕ

∂V
∂fa

= 0



mB(ϕ) ∝ fa(ϕ)2N
27

mD(ϕ) ∝ fa(ϕ) N
9 −1

ρD/ρB = 2N/(27 − 3N) Cannot accommodate every 
value of the ratio!

First Pass

V(ϕ) = mD(ϕ)nD + mB(ϕ)nB



Toy Model

ρD/ρB = cB/cD = 2N/(27 − 3N)
4

The composite axion model we consider is the very
first composite axion model considered in Ref. [30],
see Appendix A for a detailed discussion. The confin-
ing gauge group that gives the axion is G = SU(N)
with massless vector-like fermions  and ⇠ transform-
ing under SU(N) and SU(3) as  = (N, 3) and
⇠ = (N, 1). SU(N) confines at a scale ⇤N much
higher than ⇤QCD and gives the axion in the form of
the color singlet combination of a ⇠ ( ̄�5 �3⇠̄�5⇠).
Due to RG running, the the IR value of the QCD
coupling at 1-loop depends on ⇤N as

�

✓
2⇡

↵s

◆
= �

2N

3
log

✓
⇤N

⇤UV

◆
. (2.1)

Thus the QCD scale obtains � dependence through
⇤N as (c.f. Eq. (1.5))

⇤QCD(�)/(⇤N (�))2N/(3�3)
⌘ ⇤QCD(0)e

cB�/f , (2.2)

where �3 is the IR beta function of SU(3) and
we have parameterised the � dependence of ⇤N as
⇤N (�) = ⇤N (0) exp(cN�/f�) . We obtain

r =
cN

cB
=

27

2N
, (2.3)

for �3 = 9. Thus, using Eq. (1.7), we get,

⇢DM

⇢B
=

2

2r � 3
=

2N

27� 3N
, (2.4)

even without determining cB and cN independently.
To generalize the expression for r, notice that all

the fermions that are charged under both SU(3) and
the confined gauge group a↵ect the IR value of ↵s.
For n number of vector like fermions in the (R1, ,
R2, ) representations under SU(3) and G respec-
tively, we obtain ⇤QCD(�) / (⇤N (�))QN/�3 , and
r = �3/QN with

QN =
4

3

X

 

n C(R1, )d(R2, ) , (2.5)

where, d(R) and C(R) denote the dimension and
the normalisation of the representation R respec-
tively [38]. As discussed previously, for the scanner
to find minimum, we require the cD and cB to have
opposite sign. Thus, we require r > 3/2, and this
translates to,

cN

cB
>

3

2
) QN < 6 . (2.6)

At the same time, subject to the caveats mentioned
before, the observed value of ⇢DM/⇢B should be re-
produced to within 10%. Thus, QN needs to be

2 3 4 5 6 7 8 901
23
45
6

FIG. 2: Plot of ⌦DM/⌦B as a function of N . The red
dots represent the theoretical predictions obtained using
Eq. (2.4). The shaded green band shows the measured
value of 5.36 (depicted by the green line) [1] with 10%

error bar.

⇠ 5.3 with ⇠ 2% accuracy. To illustrate the point,
let us consider the model outlined before. In this
case, QN = 2N/3 as G = SU(N), and n = 1. In
Fig. 2, we plot ⌦DM/⌦B as a function of N . The red
dots represent the theoretical predictions obtained
using Eq. (2.4). The shaded green band shows the
measured value of the ratio of cold DM and baryon
energy density of 5.36 [1] with 10% error bar. For
N = 8, the theoretical prediction falls within the un-
certainty of the measurement. Thus, we set N = 8
for the rest of the paper.2

� dependence of the Dark Confinement scale

As argued above, how the SU(N) confinement
scale obtains � dependence is not important, it is
only the ratio of cB/cN that is fixed by the previous
model. For completeness, here we sketch a simple
model to obtain the � dependence of ⇤N .

Let us consider a vector-like fermion � with mass
M� in the TR representation of SU(N) that interacts

2
The requirement to predict ⇢DM/⇢B within 10% of the mea-

sured value is QN = 16/3. This can be achieved by hav-

ing two fermions transforming under the fundamental rep-

resentation under both SU(3) and G = SU(4) and/or one

fermion which is in the adjoint representation of G = SU(3)

and fundamental representation of SU(3) in addition to the

discussed case of one fermion under the fundamental repre-

sentation of both G = SU(8) and SU(3). Any choice with

QN = 16/3 keeps the analysis unchanged.

N = 8 gives 5.33*

Observed value 
of 5.36 0.05**±

*% level error bars from 2-loop
**Assumes standard cosmology



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

✓
�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)
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Toy Cosmology
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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
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32⇡2
G

2
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◆
. (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
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f2
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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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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)

3 Stage Cosmology

Frozen Out Pseudo-Slow Roll Damped Oscillations



Toy Cosmology : Frozen Out

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

LToy =
�

f
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. (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
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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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m

0
B
nB(ti)

= const. ) m�(t) = H(t). (5)

Frozen Out
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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
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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
⇣
cB
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can find the value of the constant by changing variables

in the EOM to x = a(t)
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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
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= const. ) m�(t) = H(t). (5)

Pseudo-Slow Roll
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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
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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)
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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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Outline

• The Good
• The basic idea and prediction

• The Bad
• Cosmology + modifications needed to realize the idea

• The Ugly
• Model building needed to avoid fine tuning



Adding the Real World

Beautiful idea - obviously realized in nature*

*An approach that has never failed before

In fact, this model works perfectly with all known data 
except one small problem



Beautiful idea - obviously realized in nature

It’s very excluded

Massless moduli have many issues

Adding the Real World



Honorable Attempt
Move on with our lives

What to do?

Rescue It
See if it was worth it afterwards



It’s very excluded*

*Never stopped a model builder before, won’t stop me now

Early time (T> MeV) 
solution

Late time (T < MeV) 
problems

Adding the Real World



SM example : Challenges

Two basic issues with implementing this in the SM

1. Its very excluded : New massless forces are very excluded by fifth 
force searches, proton mass isn’t dark matter density dependent, etc.

2. Temperature effects



SM example : Challenges

Solution

Add a mass/bare 
potential V = ecBϕ/f ρB + Λ4(TD) cos ( ϕ

F
+ θ)



SM example : ChallengesVacuum potential
In order to preserve  
we require 

ρB ∼ ρDM
F ≲ f/c

28

ϕ

V
ϕ

Potential

T1>T2>T3 T1

T2

T3

Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densities



SM example : Challenges

Two basic issues with implementing this in the SM

1. Fifth forces

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
Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densities

*anything not forbidden is allowed



SM example : Challenges

Finite Temperature
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F 2

1.    Scanning the QCD scale inevitably leads to scanning 
the fine structure constant



F1 F2 F3

F4 F5

F6 F7 F8

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

12
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

�QCDc� ⇡
cB

32⇡2

�
�
⇡,K

�
� �

3 quark
�

�
=

cB

16⇡2
. (S7)

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

�
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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

*If you want to brag about doing a 2-loop integral, do 
this one.  It factorizes into two separate 1-loop integrals



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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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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Need large Baryon number 
asymmetry

Early Decays
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Need to very over-produce and be non-thermal
Affleck-Dine

Proton Mass falls as 1/a
Inflaton decays into 

reheaton/entropy dump

Lock everything 
into place

Back to normal
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

ℒ = κE |H |2 ΦE

Inflaton decays into ￼ΦE

￼  dominates the energy of the universe until it 
decays into the SM

ΦE

6

Higgs |H| as

L � E |H|
2�E , (3.1)

where E is the interaction strength. With a boost
factor of �E = 103 at decay, and E ' 10�7 GeV, we
obtain a decay width of

��E '

2
E

8⇡M�E�E
' H(Trh ' 8.4MeV) , (3.2)

for M�E = 10TeV. H(T ) is the Hubble scale at
temperature T . Thus �E decays to the SM, and
the universe is reheated at Trh ' 8.4MeV, where we
have defined the reheat temperature to be the SM
temperature at which ⇢�E = ⇢SM.

B. Generating Baryon Asymmetry – Afleck

Dine Mechanism

Sometime after the inflaton decays to the reheaton,
baryogenesis happens. We consider the production
of the baryon asymmetry via the Afleck-Dine (AD)
mechanism [39].

To that end, we give the simplest AD model that
we know of, where the asymmetry is generated due
to the dynamics of a complex scalar field � (AD
field) carrying baryon number. We show that a sym-
metry preserving decay, a small symmetry break-
ing mass term and a generic initial condition i.e.
Re(�), Im(�) 6= 0 is su�cient to have successful
baryogenesis [40, 41]. The physical interpretation of
this particular AD model is that the misalignment
mechanism produces a coherent scalar field that ini-
tially has no asymmetry and afterwards oscillates be-
tween its particle and anti-particle states, transition-
ing back and forth from dominantly particles to dom-
inantly anti-particle. If the lifetime is long compared
to the oscillation time scale, then its baryon number
conserving decay occurs equally when it is a particle
versus anti-particle and the produced asymmetry is
small. If the lifetime is fast compared to the oscil-
lation time scale, then it decays before any excess is
formed and again no asymmetry is produced. The
sweet spot for maximal baryogenesis is when the de-
cay width is of order the oscillation time scale so that
it has time to oscillate into dominantly particles and
then decays before oscillating into anti-particles.

Consider a complex scalar � that carries a global
baryon number charge of Q� with the following po-
tential

V (�,�†) = m
2
�(�

†�) + ✏ m
2
�(�

2 + �†2) , (3.3)

where m� is the mass of �, and a small real ✏ softly
breaks the symmetry 3. To see how the baryon asym-
metry is generated, let us write � = (�1 + i�2)/

p
2.

The EOMs for �1, and �2 can be written as

�̈i + 3H�̇i + m
2
i
�i = 0 , (3.4)

for i = 1, 2 and we define m
2
1,2 = m

2
�(1 ± 2✏) . The

AD field is frozen for H & m�. At a time t = tbeg,
the fields start to oscillate and the solutions to the
EOMs can be written as

�i(t) ⇡ �i(tbeg)

✓
Rbeg

R(t)

◆3/2

cos [mi(t � tbeg)] , (3.5)

where, �1,2(tbeg) are the initial misaligned values of
�1 and �2. The onset of the oscillation is obtained
by solving 3H(tbeg) = m1,2 ' m� , and we also take
�1(tbeg) ⇠ �2(tbeg) = �(tbeg). The baryon asymme-
try in the � condensate can be written as,

n(t) = i Q�

⇣
�†�̇� �̇†�

⌘
= Q�

⇣
�̇1�2 � �1�̇2

⌘
. (3.6)

To transfer the asymmetry from the � condensate
to the SM, we consider the decay of the AD field to
the the SM with decay width ��. In the presence of
the decay term, the time evolution for n changes as,

ṅ + (3H + ��)n = 4✏ Q�m
2
��1�2 . (3.7)

For convenience, we define the co-moving asymme-
try as nc(t) = (R/Rbeg)3 nSM(t), where nSM is the
baryon number density in the Standard Model. The
total co-moving asymmetry transferred to the SM
can be obtained as,

nc(t) = 4✏Q�m
2
�

Z
t

tbeg

dt
0
✓

t
0

tbeg

◆ 3
2

�1(t
0)�2(t

0)e���(t0�tbeg)

= 4✏Q�m
2
��

2(tbeg)⇥ I(t) , (3.8)

where, we define

I(t) =

Z
t

tbeg

dt
0 cos [m1(t

0
� tbeg)] cos [m2(t

0
� tbeg)]

⇥ e
���(t0�tbeg)

=
�(2 + �

2)

m�(4�2 + �4 + 16✏2)
+O(e���t) , (3.9)

3
A symmetry preserving quartic term can also be consid-

ered in the potential. However for small field value i.e

� . m�/
p
�� where �� being the quartic coupling, the

mass terms dominate, and the quartic interaction can be

neglected. See [40, 41] for an elaborate discussion.
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Simplest Affleck - Dine Baryogenesis Model*

V = m2
Φ |Φ |2 + ϵm2

Φ(Φ2 + Φ†,2) + yΦψψ

γ = ΓΦ/mΦ
Gives a non-zero decay width

Misalignment, initially ￼  has a vev and when ￼ , it 
starts to oscillate like a particle

ΦE H ∼ mΦE

*The defining feature of AD models is how complicated 
they are.  As such, I hesitate to call this an AD model
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Simplest Affleck - Dine Baryogenesis Model

V = m2
Φ |Φ |2 + ϵm2

Φ(Φ2 + Φ†,2) + yΦψψ

nB = QBnADℱ Scalar field converted into baryons

ℱ =
4ϵγ(2 + γ2)

4γ2 + γ4 + 16ϵ2
→

1
2

If ￼ , condensate 
oscillates into all particles 

before decaying to baryons

ϵ = γ/2
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Misalignment mechanism for the QCD axion

Relaxation changes mass and decay constant of axion
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D. Dark Matter Genesis

In this section, we discuss the the misalignment
production of the QCD axion. As discussed pre-
viously, in our case, both the mass and the decay
constant of the axion are being scanned during the
relaxation period. This leads to interesting scaling
behavior of the initial misalignment angle.

Before discussing the evolution of the QCD axion
in our case, let us first outline the usual scenario.
The zero temperature axion mass can be written as,

m
2
a
(0) =

z

(1 + z)2
m

2
⇡
f
2
⇡

f2
a

⌘
�(0)

f2
a

, (3.33)

where, m⇡ = 140MeV, f⇡ = 92.7MeV, z ' 0.48 are
the pion mass, pion decay constant, and the ratio
of the up and down quark masses respectively [50].
Also, � is the topological susceptibility. The zero
temperature value of � obtained using the above for-
mula �(0) = 3.7 ⇥ 10�5 GeV4 agrees extremely well
with its lattice simulated value [51]. At finite tem-
perature, the axion mass receives a temperature de-
pendence through � as [51, 52]

m
2
a
(T ) =

�(T )

f2
a

' m
2
a
(0)

(�
Tc
T

�8
for T � Tc

1 for T  Tc

(3.34)

where, Tc is the QCD phase transition temperature.

In general, to solve the axion EOM with time de-
pendent mass and decay constant, we define

✓(t) ⌘
a(t)

fa(t)
. (3.35)

In terms of ✓(t), the EOM takes the form of,

✓̈ +

"
3

Ṙ

R
+ 2

ḟa

fa

#
✓̇ + m

2
a
(t) sin ✓ = 0 , (3.36)

and the energy density, ⇢a can be written as,

⇢a(t) = f
2
a
(t)


1

2
✓̇
2 + m

2
a
(t)(1� cos ✓)

�
. (3.37)

For a slowly varying axion mass i.e. ṁa/ma ⌧ H,
the phase of ✓(t) varies adiabatically, and we get for
t & tosc,

✓(t > tosc) = ✓0(t) cos

Z
t

dt
0
ma(t

0)

�
, (3.38)

where, tosc is solved by 3H(tosc) = ma(tosc), and
✓0(t) scales as,

✓0(t) /
1

m
1/2
a

1

fa

1

R3/2
. (3.39)

Aside from simply solving the WKB approximation,
this result can be easily understood as f

2
a
(t) appears

in a very similar manner as the scale factor and thus
the amplitude dependence can be read o↵ from the
scale factor dependence. Plugging in ✓(t) to the ex-
pression for the energy density, we obtain

⇢a(t) '
1

2
m

2
a
(t)f2

a
(t)✓20(t) ' ma(t)na(t). (3.40)

Thus the axion number density na red shifts
na / maf

2
a
✓
2
0 / R

�3 as expected, despite having a
time dependent decay constant.

In our case, the relaxation starts when QCD is
already confined. However as the QCD scale is being
scanned during the relaxation phase, the topological
susceptibility changes with time as,

�(t) = �(tin)

✓
Rin

R

◆3

for tin . t . tf . (3.41)

During the relaxation phase, fa decreases with time
as fa(t) / e

cN�/f� / R
�r . As the scanning of

fa depends on the IR beta function of SU(3) (c.f.
Eq. (2.3)), it is tied tightly to the numbers of quark
flavour lighter than a given QCD scale. In general
r is given by r = (33 � 2n0)/16 for n0 light quarks.
Thus, r increases during the relaxation, and most
importantly, the scanning rate of fa increases as we
approach the end of relaxation. For the QCD scale
just below the top quark mass mt, we get r = 23/16,
which increases by 2/16 as QCD scale drops be-
low the threshold of a quark mass. Eventually be-
low the charm quark mass mc, the value of r be-
comes 27/16 and sets ⇢B/⇢DM in stone. In our case,
as we take the range of initial baryon mass from
(5GeV�1.5TeV), the initial QCD scale ranges from
(500MeV � 150GeV). Thus, the final value of the
axion decay constant can be obtained as,

fa(tf )

fa(tin)
=

✓
GeV

mB(tin)

◆ 23
16

✓
GeV2

102 mbmc

◆ 2
16

, (3.42)

for mb . mB(tin)/10 . mt,

fa(tf )

fa(tin)
=

✓
GeV

mB(tin)

◆ 25
16

✓
GeV

10mc

◆ 2
16

, (3.43)

for mc . mB(tin)/10 . mb, and

fa(tf )

fa(tin)
=

✓
GeV

mB(tin)

◆ 27
16

, (3.44)

for mB(tin)/10 . mc. We denote the bottom and
the strange quark masses as mb and mc respectively.

10

D. Dark Matter Genesis

In this section, we discuss the the misalignment
production of the QCD axion. As discussed pre-
viously, in our case, both the mass and the decay
constant of the axion are being scanned during the
relaxation period. This leads to interesting scaling
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where, m⇡ = 140MeV, f⇡ = 92.7MeV, z ' 0.48 are
the pion mass, pion decay constant, and the ratio
of the up and down quark masses respectively [50].
Also, � is the topological susceptibility. The zero
temperature value of � obtained using the above for-
mula �(0) = 3.7 ⇥ 10�5 GeV4 agrees extremely well
with its lattice simulated value [51]. At finite tem-
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where, Tc is the QCD phase transition temperature.
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which increases by 2/16 as QCD scale drops be-
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of the up and down quark masses respectively [50].
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mula �(0) = 3.7 ⇥ 10�5 GeV4 agrees extremely well
with its lattice simulated value [51]. At finite tem-
perature, the axion mass receives a temperature de-
pendence through � as [51, 52]

m
2
a
(T ) =

�(T )

f2
a

' m
2
a
(0)

(�
Tc
T

�8
for T � Tc

1 for T  Tc

(3.34)

where, Tc is the QCD phase transition temperature.

In general, to solve the axion EOM with time de-
pendent mass and decay constant, we define

✓(t) ⌘
a(t)

fa(t)
. (3.35)

In terms of ✓(t), the EOM takes the form of,

✓̈ +

"
3

Ṙ

R
+ 2

ḟa

fa

#
✓̇ + m

2
a
(t) sin ✓ = 0 , (3.36)

and the energy density, ⇢a can be written as,

⇢a(t) = f
2
a
(t)


1

2
✓̇
2 + m

2
a
(t)(1� cos ✓)

�
. (3.37)

For a slowly varying axion mass i.e. ṁa/ma ⌧ H,
the phase of ✓(t) varies adiabatically, and we get for
t & tosc,

✓(t > tosc) = ✓0(t) cos

Z
t

dt
0
ma(t

0)

�
, (3.38)

where, tosc is solved by 3H(tosc) = ma(tosc), and
✓0(t) scales as,

✓0(t) /
1

m
1/2
a

1

fa

1

R3/2
. (3.39)

Aside from simply solving the WKB approximation,
this result can be easily understood as f

2
a
(t) appears

in a very similar manner as the scale factor and thus
the amplitude dependence can be read o↵ from the
scale factor dependence. Plugging in ✓(t) to the ex-
pression for the energy density, we obtain

⇢a(t) '
1

2
m

2
a
(t)f2

a
(t)✓20(t) ' ma(t)na(t). (3.40)

Thus the axion number density na red shifts
na / maf

2
a
✓
2
0 / R

�3 as expected, despite having a
time dependent decay constant.

In our case, the relaxation starts when QCD is
already confined. However as the QCD scale is being
scanned during the relaxation phase, the topological
susceptibility changes with time as,

�(t) = �(tin)

✓
Rin

R

◆3

for tin . t . tf . (3.41)

During the relaxation phase, fa decreases with time
as fa(t) / e

cN�/f� / R
�r . As the scanning of

fa depends on the IR beta function of SU(3) (c.f.
Eq. (2.3)), it is tied tightly to the numbers of quark
flavour lighter than a given QCD scale. In general
r is given by r = (33 � 2n0)/16 for n0 light quarks.
Thus, r increases during the relaxation, and most
importantly, the scanning rate of fa increases as we
approach the end of relaxation. For the QCD scale
just below the top quark mass mt, we get r = 23/16,
which increases by 2/16 as QCD scale drops be-
low the threshold of a quark mass. Eventually be-
low the charm quark mass mc, the value of r be-
comes 27/16 and sets ⇢B/⇢DM in stone. In our case,
as we take the range of initial baryon mass from
(5GeV�1.5TeV), the initial QCD scale ranges from
(500MeV � 150GeV). Thus, the final value of the
axion decay constant can be obtained as,

fa(tf )

fa(tin)
=

✓
GeV

mB(tin)

◆ 23
16

✓
GeV2

102 mbmc

◆ 2
16

, (3.42)

for mb . mB(tin)/10 . mt,

fa(tf )

fa(tin)
=

✓
GeV

mB(tin)

◆ 25
16

✓
GeV

10mc

◆ 2
16

, (3.43)

for mc . mB(tin)/10 . mb, and

fa(tf )

fa(tin)
=

✓
GeV

mB(tin)

◆ 27
16

, (3.44)

for mB(tin)/10 . mc. We denote the bottom and
the strange quark masses as mb and mc respectively.

Despite everything, co-moving 
number density is conserved and 

mass changes as expected
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Occurs as mentioned before
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Occurs as mentioned before
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FIG. 3: Schematic diagram of the cosmological timeline.
Each blob represents a major phase in time: (left to
right) end of inflation, baryogenesis, relaxation, phase
transition of the scanner sector, and reheating. After
reheating, the standard cosmology proceeds. The time
stamps inside the blobs represent the beginning (left)
and end (right) of each cosmological phase. A light

reheaton drives the expansion of the universe at the end
of inflation till reheating. This era is marked by the

yellow colored blobs.

with � as

L � (M� + y��) �̄ � , (2.7)

with interaction strength y�. For M� & ⇤N , we inte-
grate out � to generate � dependence of the SU(N)
gauge coupling. At one loop order, we obtain the �

dependence of ⇤N for n� number of fermions as,

⇤N / (M� + y��)
(4n�TR/3)

�N ⇡ ⇤N (0)ecN�/f� , (2.8)

for y�� ⌧ M�. The approximately exponential form
of the dependence simplifies calculations but is not
necessary for the mechanism to work. We defined �N

to be the low energy �-function of SU(N),

cN =
4n�TR/3

�N

, and f� =
M�

y�
. (2.9)

In our case, the minimal set-up has 4 light fermions
in the fundamental representation of SU(N). Thus,
we get �8 = 80/3, and c8 = n�TR/20. At the same
time, as f� & M� & ⇤N , the axion decay constant is
constrained to be

⇤N =
N
p
6
fa . f� . (2.10)

As long as the � dependence of the scales are gener-
ated by integrating out heavy states, the above re-
quirement is generic, and independent of the gauge
groups, and representations.

III. COSMOLOGICAL TIMELINE

In this section we describe cosmological set up that
we are considering. The cosmological history is illus-
trated in Fig. 3 and consists of several major phases;

the end of inflation, the creation of the baryon asym-
metry, the relaxation phase, the creation of dark mat-
ter, the generation of the scanner potential, and re-
heating.

Very briefly, our cosmological history starts with
the end of inflation where the inflaton decays into
a light reheaton as well as having a small branch-
ing ratio into a dark “scanner” sector. The reheaton
is the dominant energy density of the universe and
eventually reheats the SM. The scanner sector will
be responsible for the mass of �.

After the end of inflation, comes the formation of
the baryon asymmetry and eventually dark matter.
We will take A✏eck-Dine baryogenesis and use the
misalignment mechanism to produce dark matter.

Afterwards, relaxation occurs. ⇢B/⇢DM is dynam-
ically adjusted to its observed value. The last step
of relaxation is when the scanner sector confines and
gives a potential for �. This potential fixes in place
the value of ⇢B/⇢DM.

Finally, the reheaton decays and the SM is re-
heated and standard cosmology occurs. In what fol-
lows, we give a more detailed description of these
epochs in chronological order.

A. End of Inflation

After the end of inflation, the inflaton mostly de-
cays into reheaton fields �E whose self interactions
are small enough that they do not thermalize, and
whose mass is small enough that they are produced
relativistically. The bath of �E particles drives the
expansion of the Universe. Eventually while still rela-
tivistic, �E will decay into Standard Model particles
and reheat the universe.

The requirement that something other than the
Standard Model (SM) dominates the energy den-
sity of the universe comes from two considerations.
Firstly, it is di�cult to obtain non-relativistic protons
when the SM is hot. Secondly, as discussed in more
detail at the end of Sec. IIID, when the SM plasma
is hot, the thermal loop induced � potential can eas-
ily be more dominant than the small non-relativistic
baryonic contribution. In that case, either the scan-
ner does not successfully scan the energy densities, or
the thermal contributions draw � to a minima where
⇢B/⇢DM ⇡ 0; thus spoiling the relaxation.

To successfully obtain big bang nucleosynthesis
(BBN) and a post BBN universe, we require �E to
dump its entropy to the SM before few MeV tem-
perature. We consider a �E interaction with the SM

Scanner potential locks ratio in place
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Constraints

Plethora of restrictions

• EFT : ￼
• Baryons non-relativistic at start of relaxation
• Thermal (pion) contribution to ￼  potential is 

subdominant to baryons
• Initial axion misalignment not larger than ￼
• Parametric resonance causing friction
• ￼  and overclose universe
• 5th force and supernova cooling

fa < fϕ

ϕ

2π

ΔNeff



Some example numbers

Adjuster dynamics

Coupling to baryons

Reheat Temperature

Dark Matter/Baryon 
Properties 108 GeV < fa < 1011 GeV

mB,in ≲ 103 GeV

F ∼ 104 GeV

mϕ ∼ MeV Λϕ ∼ 5 GeV
Nailed in place @ late times

fϕ/cB ∼ 1012 GeV
Clockwork

TRH ∼ 10 MeV

Only works if you under-
produce axions



Outline

• The Good
• The basic idea and prediction

• The Bad
• Cosmology + modifications needed to realize the idea

• The Ugly
• Model building needed to avoid fine tuning



Vacuum Potential

Non-shift symmetric potentials tend 
to lead to large vacuum potentials

ℒtoy =
ϕ
f

G2
N

ℒ = f 4F(
ϕ
f

) + Λ4
QCD,Neϕ/f

These are all larger than the finite density 
contribution that dictates relaxation



PNGBs of ZN

Make it non-linearly realize a ZN symmetry

�

f
= 2⇡ +

�

f
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PNGBs of ZN

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
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. (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,
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⇣
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. (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
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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
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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 :
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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
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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
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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!



PNGBs of ZN
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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
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and is exponentially suppressed in N .
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is to note that e
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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,
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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,
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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
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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 :
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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
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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
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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 :
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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
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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
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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



Conclusion

The baryon/DM coincidence problem is a very 
troubling problem

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

In the context of QCD axion dark matter - Postdicts the value of the dark 
matter - baryon abundance ratio!


