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• We observe a universe that is full of matter but 
not anti-matter 

• Our universe has a net baryon number 

• Why do we have to explain this number? 
• Arbitrary initial condition 

• Inflation inflates away any original asymmetry

Motivation



• Sakharov’s three conditions 
• C and CP violation : need to favor particles over anti-particles 

• B violation : Need to generate baryon number from a state with no 
baryon number 

• Out of thermal equilibrium : Nothing happens in thermal 
equilibrium, detailed balance
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CP violation

• “Standard” implementation : CP violating, 
Baryon number violating decay 

• CP violation and Baryon number linked 

• How is CP violation related to baryogenesis 
in general?



CP violation

• CP violating parameter in the Lagrangian 
• Dirac Leptogenesis 

• Spontaneous Baryogenesis 

• Affleck-Dine baryogenesis 

• EW baryogenesis 

• Particle - Anti-particle oscillations 

• …



• Most examples all have CP violation in the 
Lagrangian 

• Is this required?

CP violation



• No! 

• Affleck-Dine baryogenesis 
• CP violating initial conditions for a scalar 

• Inflation yields random walk for scalars 
• Also a random walk for scalar baryon number!

CP violation

hnBi = 0 hn2
Bi 6= 0



• Presence of more baryons than anti-
baryons is itself a breaking of CP 

• Origin of why baryogenesis is needed 

• CP preserving couplings in the presence of 
CP breaking matter

CP violation



• Matter 
• Gauge fields 

• Gravity waves 

• Dark matter 

• From bubble walls 

• Present day abundances can be 
asymmetric!  Testable!

CP violation



• When implementing baryogenesis, CPT 
and Unitarity are important 

• Baryon number production can cancel as a 
results of them 

• CP violation from matter has a distinct 
advantage 

• Q is odd under CPT 

• Particle anti-particle energy levels are different : in the 
background of an electron, electron and positron have 
different energies

CP violation



• Dark matter as CP violation : Couplings 

• Dark matter as CP violation : Kinematics 

• Bubble Walls as CP violation

Upcoming



Dark matter as CP violation

• CP violating couplings between dark matter 
and SM 

• Lagrangian coupling 

• Dark matter asymmetric 
• Use dark matter to make an otherwise CP invariant process 

CP breaking



Dark matter as CP violation

• Use the asymmetry in dark matter as the 
CP violation needed to implement 
baryogenesis 

• Couplings 

• Kinematics 

• Asymmetry implies that JD0 ≠ 0 so use JD0 
to make a CP violating coupling in the 
Lagrangian 

• Just like Higgs vev allows one to write down SU(2) violating 
couplings



DM : Couplings

• Spontaneous baryogenesis implemented 
via asymmetric dark matter 

• Usual case : scalar field evolving in field space

L �
Jµ
DJB+L

µ

⇤2



A simple model
Visible Dark

Figure 1: A diagrammatic picture of the simple toy example.

1 A simple toy example

In this section we present a simple toy example which exhibits all of the qualitative features of
our mechanism. We assume that there are two sectors denoted by the dark sector and the visible
sector. The dark sector consists of a single complex field � with an asymmetry. The visible sector
consists of a single massless fermion  and a  number violating interaction. The only interaction
connecting the two sectors is the higher dimensional operator

L � Jµ
�J µ
⇤2

=

⇣
�†@µ�� (@µ�)† �

⌘ �
 �µ 

�

⇤2

(1.1)

The model is shown diagrammatically in Fig. ??.
We assume that � is a classical field with an asymmetry and study the e↵ects on the fermion

 . It is simplest to study the case where the field � is completely asymmetric, with the simple
generalization of partly asymmetry dark matter left for the reader. A classical field with an
asymmetry is described by

�(t) = �
0

eim�t (1.2)

Where we have neglected e↵ects of Hubble friction. We assume that like dark matter, we know
the energy density of � at some later time T

now

. We have the measurement
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|2 (1.3)

Plugging this background field into Eq. (1.1), we find that the visible sector is modified by the
interaction
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where we have taken into account red shift factors. We see that the e↵ect of the asymmetry in
the dark sector is to induce a chemical potential for the  field. In the presence of the  number
violating interactions, the chemical potential has the e↵ect of generating an asymmetry in  
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Notice that this asymmetry constantly changes with temperature. At some temperature T , the
 number violation freezes out and the asymmetry can no longer change. Thus we find that the
final asymmetry in the  field is

Y ⌘ n � n 
s(T )

=
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where s = c
0

T 3 is the entropy of the system.
The most interesting feature of this result is that the � field is classical. As will be described

in Sec. ??, classical fields, like the axion, get around many astrophysical constraints by being
extremely cold. We also have two other notable features. The larger the scale of  number
violation, the larger the yield. Thus this mechanism is sensitive to possibly large scales. Second,
we also have the inequality n � n ⌧ n� � n�† . If the energy densities of � and  were similar,
this would imply that � is much lighter than  .

Re(�) Im(�) (1.7)
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Figure 1: A diagrammatic picture of our toy model. The visible sector consists of a single fermion
 and an interaction that breaks  number. The dark sector consists of a single classical field �
which carries an asymmetry. These two sectors communicate through a single higher dimensional
current-current interaction.

single complex field �. The visible sector contains a single massless fermion  and a  number
violating interaction that freezes-out at a temperature T . The only interaction connecting the
two sectors is the higher dimensional operator
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⇤2
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The model is shown diagrammatically in Fig. 1. For our mechanism to work, we need J0

� to
acquire a background value. To this end, we assume that � is a classical field with an asymmetry.
We imagine it obtains its asymmetry from A✏eck Dine baryogenesis. � starts o↵ at some initial
value due to Hubble friction and after it starts rolling, CP and number violating interactions give
� a non-zero asymmetry. In the IR, the potential is dominated by the mass term rather than the
other interactions. Thus we study the case where the field � has a potential dominated by the
mass term:

�̈+ 3H�̇+ m2

�� = 0 . (2.2)

Furthermore, we make the simplifying assumption that � is completely asymmetric. In the limit
m� > H, the late time solution of the previous equation is

�(t) ⇡ �
0

✓
a(t

0

)

a(t)

◆�3/2

eim�t , (2.3)

and we have a redshifting dark matter asymmetry hJ0
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4

• Two sectors connected by a higher dimensional 
operator 

• Dark sector is a classical field



A simple model

• A classical field with an asymmetry

Baryogenesis from Hawking Radiation

Anson Hook1

1
School of Natural Sciences, Institute for Advanced Study

Princeton, NJ 08540, USA

J0
DM = nD � nD = nDM (1)

L �
JDM
µ Jµ

B

⇤2
=

nDM

⇤2
J0
B (2)

�H =
nDM

⇤2
QB (3)

mA

gA
⇡ 300GeV

s✓
RD GeV

mDM

◆
� 1 (4)

� ⇠ 1

(100GeV)2
(5)

nDM ⇠ nB mDM ⇠ 5mB (6)

mA

gA
⇡ 2TB�L

s✓
0.5GeV

mDM

◆
� 1 (7)

µ ⇠ nDM

⇤2
t ⇠ ⇤2

nDM
(8)

t ⇠ ⇤4

T 5
(9)

L � (HL)2

⇤
(10)

nD ⇠ T 3 nD � nD ⇠ 10�10T 3 (11)

 DM  DM  SM  SM (12)

nD ⇠ nD � nD (13)

mA

gA
⇡ 100GeV

s

r

✓
7GeV

mDM

◆
� 1 r =

YD � YD

YD + YD

(14)

L = i (/@ � iµ�0) (15)

= ie�iµt /@(e�iµt ) (16)

 ⇠ ae�i(E+µ)t + b†ei(E�µ)t (17)

�̈+m2
�� = 0 �(t) = �0e

im�t � ⇠ ae�iEt + b†eiEt (18)

(19)

Baryogenesis from Hawking Radiation

Anson Hook1

1
School of Natural Sciences, Institute for Advanced Study

Princeton, NJ 08540, USA

J0
DM = nD � nD = nDM (1)

L �
JDM
µ Jµ

B

⇤2
=

nDM

⇤2
J0
B (2)

�H =
nDM

⇤2
QB (3)

mA

gA
⇡ 300GeV

s✓
RD GeV

mDM

◆
� 1 (4)

� ⇠ 1

(100GeV)2
(5)

nDM ⇠ nB mDM ⇠ 5mB (6)

mA

gA
⇡ 2TB�L

s✓
0.5GeV

mDM

◆
� 1 (7)

µ ⇠ nDM

⇤2
t ⇠ ⇤2

nDM
(8)

t ⇠ ⇤4

T 5
(9)

L � (HL)2

⇤
(10)

nD ⇠ T 3 nD � nD ⇠ 10�10T 3 (11)

 DM  DM  SM  SM (12)

nD ⇠ nD � nD (13)

mA

gA
⇡ 100GeV

s

r

✓
7GeV

mDM

◆
� 1 r =

YD � YD

YD + YD

(14)

L = i (/@ � iµ�0) (15)

= ie�iµt /@(e�iµt ) (16)

 ⇠ ae�i(E+µ)t + b†ei(E�µ)t (17)

�̈+m2
�� = 0 �(t) = �0e

im�t � ⇠ ae�iEt + b†eiEt (18)

(19)

Baryogenesis from Hawking Radiation

Anson Hook1

1
School of Natural Sciences, Institute for Advanced Study

Princeton, NJ 08540, USA

J0
DM = nD � nD = nDM (1)

L �
JDM
µ Jµ

B

⇤2
=

nDM

⇤2
J0
B (2)

�H =
nDM

⇤2
QB (3)

mA

gA
⇡ 300GeV

s✓
RD GeV

mDM

◆
� 1 (4)

� ⇠ 1

(100GeV)2
(5)

nDM ⇠ nB mDM ⇠ 5mB (6)

mA

gA
⇡ 2TB�L

s✓
0.5GeV

mDM

◆
� 1 (7)

µ ⇠ nDM

⇤2
t ⇠ ⇤2

nDM
(8)

t ⇠ ⇤4

T 5
(9)

L � (HL)2

⇤
(10)

nD ⇠ T 3 nD � nD ⇠ 10�10T 3 (11)

 DM  DM  SM  SM (12)

nD ⇠ nD � nD (13)

mA

gA
⇡ 100GeV

s

r

✓
7GeV

mDM

◆
� 1 r =

YD � YD

YD + YD

(14)

L = i (/@ � iµ�0) (15)

= ie�iµt /@(e�iµt ) (16)

 ⇠ ae�i(E+µ)t + b†ei(E�µ)t (17)

�̈+m2
�� = 0 �(t) = �0e

im�t � ⇠ ae�iEt + b†eiEt (18)

(19)
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• Assume we’ve measured the energy density of 
the dark sector at some later time
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1 A simple toy example

In this section we present a simple toy example which exhibits all of the qualitative features of
our mechanism. We assume that there are two sectors denoted by the dark sector and the visible
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The model is shown diagrammatically in Fig. ??.
We assume that � is a classical field with an asymmetry and study the e↵ects on the fermion

 . It is simplest to study the case where the field � is completely asymmetric, with the simple
generalization of partly asymmetry dark matter left for the reader. A classical field with an
asymmetry is described by

�(t) = �
0

eim�t (1.2)

Where we have neglected e↵ects of Hubble friction. We assume that like dark matter, we know
the energy density of � at some later time T

now

. We have the measurement

⇢
0

= 2m2

DM |�
0

|2 (1.3)

Plugging this background field into Eq. (1.1), we find that the visible sector is modified by the
interaction

L � i
⇢

0

m�⇤2

T 3

T 3

now

�
 �µ 

� ⌘ iµ
�
 �µ 

�
(1.4)

where we have taken into account red shift factors. We see that the e↵ect of the asymmetry in
the dark sector is to induce a chemical potential for the  field. In the presence of the  number
violating interactions, the chemical potential has the e↵ect of generating an asymmetry in  
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Notice that this asymmetry constantly changes with temperature. At some temperature T , the
 number violation freezes out and the asymmetry can no longer change. Thus we find that the
final asymmetry in the  field is
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The most interesting feature of this result is that the � field is classical. As will be described

in Sec. ??, classical fields, like the axion, get around many astrophysical constraints by being
extremely cold. We also have two other notable features. The larger the scale of  number
violation, the larger the yield. Thus this mechanism is sensitive to possibly large scales. Second,
we also have the inequality n � n ⌧ n� � n�† . If the energy densities of � and  were similar,
this would imply that � is much lighter than  .
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Figure 1: A diagrammatic picture of our toy model. The visible sector consists of a single fermion
 and an interaction that breaks  number. The dark sector consists of a single classical field �
which carries an asymmetry. These two sectors communicate through a single higher dimensional
current-current interaction.

single complex field �. The visible sector contains a single massless fermion  and a  number
violating interaction that freezes-out at a temperature T . The only interaction connecting the
two sectors is the higher dimensional operator
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The model is shown diagrammatically in Fig. 1. For our mechanism to work, we need J0

� to
acquire a background value. To this end, we assume that � is a classical field with an asymmetry.
We imagine it obtains its asymmetry from A✏eck Dine baryogenesis. � starts o↵ at some initial
value due to Hubble friction and after it starts rolling, CP and number violating interactions give
� a non-zero asymmetry. In the IR, the potential is dominated by the mass term rather than the
other interactions. Thus we study the case where the field � has a potential dominated by the
mass term:
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Plugging this value for the amplitude of the background field into Eq. (2.1), we find that the
visible sector is modified in the following way,
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where we have traded the scale factor for the temperature. We see that the e↵ect of the asym-
metry in the dark sector is to induce a splitting between  and  ̄ energy levels; the nontrivial
background for � acts like a chemical potential for the  field. In the presence of  number
violating interactions, thermal equilibrium carries an asymmetry in  
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Notice that this asymmetry decreases with temperature. At some temperature T ,  number
violation freezes-out and the asymmetry can no longer change. We find that the final  number
asymmetry is proportional to the � field asymmetry
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where s is the total entropy per comoving volume. If we know both the ratios of energy densities
of  and � today and T , this relation gives the scale of the interaction ⇤ between the two sectors
as a function of m� and m . In the next section we show what values of ⇤ lead to successful
baryogenesis in the presence of di↵erent baryon number violating interactions.

The most interesting feature of this result is that the asymmetry in the visible sector can be
generated by an asymmetry of a classical field �, without the need of thermal contact between the
two sectors of the theory. Furthermore we show in Section 4 that thermal contact is not needed
even if � is more accurately described by a thermal ensemble of particles. This approach allows
for two notable di↵erences between our model and a traditional asymmetric dark matter scenario.
First, we can make the dark sector extremely cold, as we did in this toy model by choosing a
zero-momentum classical field. Extremely cold dark sectors evade cosmological constraints on the
dark matter mass and we can easily accommodate sub eV asymmetric dark matter. Second, if
the dark sector was not completely asymmetric, the result does not change much. For example,
if the dark sector had O(1) symmetric and O(1) asymmetric components, ⇤2 would only change
by an O(1) amount. The lack of sensitivity on the symmetric component allows us to remove the
need to annihilate away the symmetric component of dark matter.

3 Baryogenesis from Selfish Dark Matter

In this section, we expand the toy model discussed in the previous one, constructing a theory that
can generate the observed baryon asymmetry starting from an asymmetric dark sector. As men-
tioned before, the dark matter asymmetry generates a chemical potential for the baryons through
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Spontaneous Baryogenesis

• Thermal equilibrium carries charge 

• Equilibrium number abundances 
proportional to each other

where we have traded the scale factor for the temperature. We see that the e↵ect of the asymmetry
in the dark sector is to induce a splitting between  and  ̄ energy levels; the background value of
� acts like a chemical potential for the  field. In the presence of  number violating interactions,
thermal equilibrium carries an asymmetry in  
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where the additional factor of 2 comes from the two spins of  . Notice that this asymmetry
decreases with temperature. At some temperature T ,  number violation freezes-out and the
asymmetry can no longer change. We find that the final  number asymmetry is proportional to
the � field asymmetry
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where s is the total entropy per comoving volume. If we know both the ratios of energy densities
of  and � today and T , this relation gives the scale of the interaction ⇤ between the two sectors
as a function of m� and m . In the next section we show what values of ⇤ lead to successful
baryogenesis in the presence of di↵erent baryon number violating interactions.

The most interesting feature of this result is that the asymmetry in the visible sector can be
generated by an asymmetry of a classical field �, without the need of thermal contact between the
two sectors of the theory. Furthermore we show in Section 4 that thermal contact is not needed
even if � is more accurately described by a thermal ensemble of particles. This approach allows
for two notable di↵erences between our model and a traditional asymmetric dark matter scenario.
First, we can make the dark sector extremely cold, as we did in this toy model by choosing a
zero-momentum classical field. Extremely cold dark sectors evade cosmological constraints on the
dark matter mass and we can easily accommodate sub eV asymmetric dark matter. Second, we
can easily have dark sectors with large asymmetric components of dark matter and no need to
annihilate away the symmetric component.

3 Baryogenesis from Selfish Dark Matter

In this section, we expand the toy model discussed in the previous one, constructing a theory that
can generate the observed baryon asymmetry starting from an asymmetric dark sector. As men-
tioned before, the dark matter asymmetry generates a chemical potential for the baryons through
the higher dimensional current-current operator shown in Eq. (1.1). Rather than discussing the
operator directly, we introduce explicitly a U(1) gauge boson in order to capture the e↵ect of light
mediators and high temperatures. To be concrete, we consider a specific model where B ± L + D
is gauged and then spontaneously broken. Here B(L) is baryon (lepton) number and D the dark
matter number. A gauged anomalous symmetry implies the presence of a UV cuto↵. At the
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DM : Kinematics

• CP violation in kinematics 

• Dark matter abundance does not effect 
Lagrangian 

• Final states of particles vs anti-particles are 
different 

• Pauli exclusion / Bose enhancement 

• If statistics vanish, CP violation vanishes

CP violation can occur in ways that are not seen in the Lagrangian. After all, the

observed presence of more baryons than anti-baryons is itself a violation of CP. Thus it is

clear that aside from a fundamental parameter in the Lagrangian, CP can also be

violated by matter e↵ects. CP violation via matter e↵ects has the distinct advantage of

typically being very testable. Some particle currently present in the universe has a

number abundance that breaks CP. In this, we make a clear distinction between the CP

breaking number abundances and the CP breaking Lagrangian parameters that they

typically come from (for some exceptions see Ref. [4–7]). To implement baryogenesis, we

will be using the CP violation that results from the presence of the number abundance

rather than any possible CP violation that might have caused their generation.

There are several observed particles which can break CP with their number densities and

can thus be used to implement baryogenesis. Photons, gravitons and dark matter can all

be chiral and thus break CP. If the large magnetic fields observed around galaxies

originated from chiral magnetic fields that existed when sphalerons were active, then

these chiral magnetic fields could generate a B+L asymmetry via the anomaly [8–10]. Of

course, large magnetic fields that did not survive until the current era could also have

been used to implement baryogenesis []. If chiral gravitational waves are present, then

these could source a B-L asymmetry through the gravitational anomaly [11].

While gauge vector fields, have their couplings to baryons fixed by gauge invariance, there

exist several ways of using a dark matter asymmetry as the CP violation necessary to

implement baryogenesis 1. One way in which a dark matter asymmetry can be used as

the CP violation needed for baryogenesis is to utilize the fact that J0

D

6= 0 to generate a

CP violating coupling in the Lagrangian much in the same way that the Higgs vev allows

for one to write a SU(2)
W

breaking Lagrangian coupling [13].

In this paper, we will use statistical factors to transmit the CP violation from the dark

sector to the SM. As a simple example of this mechanism in action, consider the decays of

a real scalar ' with the interaction

L � ' 
B

 
D

'†
D

⇤
(1.1)

where  
B

is a fermion that carries baryon number and  
D

('
D

) is a fermion (scalar) that

carries a U(1)
D

dark quantum number. There are two decay channels for ',

' )  
B

 
D

'†
D

(1.2)

' )  †
B

 †
D

'
D

(1.3)

From these decays, it is clear that the decays of ' violate baryon number but preserve

dark matter number. In the absence of any CP violation, Lagrangian or otherwise, these

two decays have equal probabilities so that no baryon number asymmetry is generated.

We now introduce CP violation in the form of more dark matter than anti-dark matter.
1A popular method of utilizing asymmetric dark matter is to postulate that dark matter carries baryon

number. Thus an asymmetry in dark matter entails an asymmetry in baryons and the issue is simply

transferring the asymmetry to the standard model [12]. However, in this case, dark matter is not the source

of CP violation so much as it is literally baryogenesis itself, so we do not consider it.
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DM : Kinematics

• In vacuo, decays of phi are CP preserving, 
Baryon number breaking, Dark matter 
number conserving 

• More dark matter particles than anti-dark 
matter particles 

• Pauli exclusion prefers second decay 

• Bose enhancement prefers second decay
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two decays have equal probabilities so that no baryon number asymmetry is generated.

We now introduce CP violation in the form of more dark matter than anti-dark matter.
1A popular method of utilizing asymmetric dark matter is to postulate that dark matter carries baryon
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DM : Kinematics

• Extra terms break additional symmetries

As mentioned before, we assume that all Lagrangian parameters are real so that the CP

violation is only transmitted by Bose enhancement and Pauli exclusion. The asymmetry

in dark matter means that there are more  
D

('
D

) than  †
D

('†
D

). Due to the Pauli

exclusion principle (Bose enhancement) of the final states, Eq. 1.3 is preferred over Eq. 1.2

generating a baryon number asymmetry. In the limit of a huge dark matter asymmetry,

Eq. 1.2 can even be completely forbidden. We see that both scalar and fermion statistics

generate an asymmetry at tree level going in the same direction. As will be seen in Sec. 2,

the e↵ect of Bose enhancement is significantly larger than Pauli exclusion for this model.

When dealing with baryogenesis, one must always be wary of constraints coming from

Unitarity and CPT. Combined, these two imply the presence of many non-trivial

cancelations. Finite temperature, non-trivial statistics and CP violation do not break

CPT or Unitarity, so using these ingredients does not prevent unwanted cancelations. In

the models considered in this paper, we are using the presence of a non-zero asymmetric

number density to break CP. Note that because of quantum statistics, the energy levels of

particles and anti-particles are di↵erent. This means that CPT is broken in our

non-vacuum background. This is why we are able to see baryogenesis at tree level

without any interference e↵ects.

In Section 2, we discuss this model in more detail. We show how Bose enhancement

rather than Pauli exclusion is the dominant e↵ect. In Section 3, we present another

model where Pauli exclusion rather than Bose enhancement plays the critical role in

generating a large asymmetry. Finally in Section 4, we conclude.

2 Bose Enhancement

In this section, we consider in more detail the model presented in the introduction. We

will consider the Lagrangian
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Where the terms other than the first are only there to break the symmetries so that there

is only a single preserved U(1)
D

,  
B

carries baryon number, and interactions with '

break the baryon number. A small majorana mass for  
B

will be generated, but it will be

small enough to be ignored. We also ignored a coupling ' 
B

 c

D

'
D

/⇤0. This coupling is

not generated by RG flow, but if included would not change the results as long as ⇤0 6= ⇤.

We imagine that the scalar ' has frozen out and is decaying at late times when the

universe is populated by asymmetric dark matter. As long as m
'

> T , then the leading

order decays of ' will not be significantly e↵ected by the statistical factors. At leading

order, the decay width of ' goes as

�
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When dark matter has an asymmetry, there are statistical factors that need to be

included to take into account Bose enhancement and Pauli exclusion. These are the

– 3 –

familiar final state factors
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for bosons and fermions respectively. In the limit µ ⌧ m
'D ⌧ T ⌧ m

'

, a

straightforward, albeit tedious, calculation gives the leading order asymmetric component

of the decay
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where T (T
D

) is the temperature of the visible (dark) sector and µ are the chemical

potentials. As expected, we see that the leading order corrections from bose enhancement

and pauli exclusions are of the same sign, though the subleading correction for bose

enhancement is in fact larger than the leading order e↵ect from pauli exclusion.

One can understand the scaling of the asymmetric decay shown in Eq. 2.4 as follows. The

sign of the asymmetry must change depending on the sign of the dark matter asymmetry

so that the e↵ect should be proportional to an odd power of the chemical potential.

Because m
'

� T , throughout most of phase space, the energy of the particles will be

large enough that there will only be a Boltzman suppressed final state enhancement

factor. Only when the final state has a small final state energy of order T does pauli

exclusion or bose enhancement play a role. Thus the e↵ect should vanish as T ! 0. One

can also see that Bose enhancement is a much larger e↵ect than Pauli blocking as Bose

enhancement can cause runaway behavior while Pauli blocking can only ever suppress a

process.

There are two simple limits where one can get easy analytic results for the final

asymmetry. The first limit is when m
�

� T , ⇢
�

⌧ T 4 and T = T
D

. For simplicity, we

will only consider the leading order Bose enhancement e↵ect on the asymmetry. In this

limit, we can calculate the final baryon number abundance
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We see that we can obtain the correct baryon number asymmetry for reasonable values

such as Y
D

⇠ Y
'

⇠ 10�4 and m
'

⇠ 102T .

Another simple limit is when m
�

� T , ⇢
�

� T 4 and T = T
D

, i.e. ' is implementing a

late time entropy dump. In this case, the temperature increases as � decays. Making the

simplifying assumptions that ' does not decay until H = � and then afterwards decays

happen rapidly so that Hubble dilution is unimportant, we write down the di↵erential

equations in the simple form

d⇢

dt
= �n

'

m
'

dn
'

dt
= ��n

'

dn
B

dt
= ��n

'

(2.6)
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• As expected, Pauli exclusion and Bose 
enhancement work in the same direction
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familiar final state factors
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• Linear in chemical potential 
• If chemical potential changes sign, asymmetry needs to 

change sign 

• Log dependence on mass 
• Bosons can condense so mass is relevant 

• Proportional to temperature
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• If late time decays give a small entropy 
dump, easy calculation of baryon number 
asymmetry 

• Reasonable choices of parameters can 
give the observed asymmetry

These di↵erential equations can be solved in the limit where thermalization of the decay

products is fast to give

Y
B

=
g
1/4

?,⇢

192 ⇥ 23/4 ⇥ 51/4⇡4
(

p
M

p

m
'

⇤
)3Y

D

=
8⇡2g

?,⇢

5 ⇥ 31/4
T 3

m3

�

Y
D

(2.7)

One can get an asymmetry but that it is always smaller than Y
D

.

3 Pauli Exclusion

discussion of how this interpolates between the Higgsogenesis and what we

want.

In the previous section, a model was presented where the asymmetry was generated

dominantly by Bose enhancement. In this section, we present a model whose asymmetry

is generated dominantly by Pauli exclusion. To this, end we consider the theory

L = ' 
B

 
B

+  
B

 
D

�†
DB

(3.1)

where  
B

is a fermion charged under baryon number,  
D

is a fermion charged under dark

matter number and �
DB

is a scalar charged under both. We will be concerned with the

decays of the real scalar '. Its decays violate baryon number and its decays in vacuo will

not violate CP.

Generically in the presence of CP violating matter, the decays of ' will attempt to

remove the asymmetry. For example, if there are more  
B

than  ̄
B

then the pauli

exclusion principle biases the decays of ' to generate more  ̄
B

destroying any baryon

number present. We now consider what happens when there is an non-zero dark matter

asymmetry and zero baryon number asymmetry. Assuming small asymmetries and

solving for chemical potentials, see e.g. [14], we arrive at the conclusion that

Y
�DB = �Y

 B =
2Y

 D

3
=

2Y
D

5
(3.2)

Now, we consider what happens when ' decays. As mentioned before, when ' decays, the

pauli exclusion principle pushes the system towards a configuration where Y
 B = 0. As

long as there is a large enough number density of ', we will arrive at the situation where

Y
 B = 0. We can now calculate the baryon number generated by the decays to find that

Y
B

= Y
 B + Y

�B =
2Y

D

5
(3.3)

Thus we see that the Pauli exclusion principle can make an otherwise CP preserving

decay generate baryon number. Eventually, when �
DB

freezes out and decays, the

asymmetry will be transferred back into  
B

.

To study the actual approach to this equilibrium value, we · · · discuss boltzmann stu↵

• estimates of various rates, washout

• discussion of requirement for the spectrum, i.e. all masses not too far apart

– 5 –
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• Amusing example that illustrates two facts 
• Quantum statistics can be critical in a mechanism of 

baryogenesis 

• The CP violation necessary for baryogenesis might not be 
seen in the Lagrangian

Work in progress, keep your eyes out!



Bubble walls

• Bubbles in a CP preserving theory can 
break CP

V =
�

4
(�†�� v2

2
)2



Bubble walls

• CP invariant is reflection across x-axis

V =
�

4
(�†�� v2

2
)2 + µ3(�+ �†)



Bubble walls

• Tunneling now CP non-invariant

V =
�

4
(�†�� v2

2
)2 + µ3(�+ �†)� �m2(�2 + �†,2)



Bubble walls

• A CP invariant theory with tunneling 
between CP invariant minima can be CP 
breaking! 

• The bubble walls have large non-zero 
phases 

• Can be used to implement baryogenesis



Bubble walls

• CP invariance = two tunneling paths with 
equal probability and exactly opposite CP 
violating angles 

• Universe is a patchwork of baryons and anti-baryons 

• Average gives no baryons 

• EW baryogenesis? 
• Observable universe : 1042 different tunneling events 

• Almost all of them had to produce baryons



Bubble walls

• Typical solution to homogeneity problem : 
Inflation 

• ɸ inflaton 
• Inflate at the higher minima 

• Tunneling occurs and 60 e-foldings later inflation ends 

• Entire universe sees the same CP violating phase! 

• Utilize your favorite way for baryogenesis 
given these CP violating post inflation 
conditions



Bubble walls

• Amusing other direction 

• Allow for small CP breaking to bias 
couplings? 

• CP violation in bubble wall can be much larger than CP 
violation in Lagrangian 

• Large variance in baryon number (isocurvature perturbations)

Work in progress



Conclusion

• CP violation in baryogenesis is typically a 
Lagrangian parameter 

• Can also use non-Lagrangian parameters 
• Dark matter can provide CP violation 

• Amusing example that relies critically on quantum 
statistics 

• Bubble walls can provide CP violation 

• Leads to a theory which has large variance in final 
baryon number



• Number preserving Lagrangian up to a 
small symmetry breaking quartic 

• Random walk far away from the origin

CP violation

• � v
2 ⌧ m2

inflaton ⇠ µ3/v : So that the time scale for the relaxation of the inflaton is much
smaller than the time scale associated with  .

Many of these assumptions are present only for computational simplicity, e.g. it is easier to
treat the inflaton as a purely radial mode. As an example of a data point which satisfies all of
the different criteria, we have in the units of GeV: v = 10

16, µ = 10

12, m0 = 10

7, m = 10

7,
� = 10

�20, TRH = 10

8. The extremely small value of � is needed so as not to produce too many
baryons.

5 Conclusion

In this paper we have considered baryogenesis in the context of a CP conserving model without
CP breaking minimum. We have presented a toy model which illustrates that it is possible for
CP violating tunneling effects in a CP invariant theory to produce the observed baryon number
asymmetry. Because CP invariance requires the existence of two tunneling effects with opposite CP
phase and equal probability of occurring, inflation necessarily plays a non-trivial role in explaining
why the entire visible universe sees baryons and not anti-baryons as well.

It would be very interesting if this mechanism can be applied to electroweak baryogenesis. The
resulting CP violating parameter from this approach is much larger than what is present in the
Lagrangian, which is zero. If the small CP violating CKM angle was used to bias the tunneling
in one direction, then it would explain how the small CP violating parameter observed in the
Standard model is responsible for baryogenesis. For example, in the model shown in Eq. (1.1), if
µ3 had a small imaginary piece of size ⇠ m3

0/
p
�✓, then it would bias the tunneling completely

in one direction. This approach to electroweak baryogenesis would have many interesting phe-
nomenological implications. While the majority of Hubble patches would contain matter, some
of them would contain anti-matter. Depending on the size of these Hubble volumes full of anti-
matter and when they annihilate, they could change the primordial abundances of the various
elements [23–26], leave imprints on the CMB [27,28], or create regions of space with lower baryon
asymmetry than others.

A Baryogenesis from Inflationary fluctuations

In this appendix, we consider baryogenesis in a CP invariant theory that utilizes the stochastic
movement of light fields during inflation. This discussion is a stochastic calculation based on the
ideas in Ref. [7, 8].

To illustrate the features of this approach, we consider the following toy theory.

L = @�@�† �m2��† � �

4

(��†
)

2 � ��

4

(�4
+ �†,4

) (A.1)

=
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2

@�r@�r +
1

2

@�i@�i � 1

2

m2
(�2

r + �2
i )�

�

16

(�2
r + �2

i )
2 � ��

8

(�4
r � 6�2

r�
2
i + �4

i )

where in the second line we have expanded the field in terms of the real and imaginary pieces. We
assume that all parameters in the Lagrangian are real. There is a single minimum of the theory
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which preserves CP. The additional term �� breaks a U(1)� and is assumed to be small so as not
to destabilize the potential. This term is required so that baryogenesis can occur.

Before inflation, we have a CP invariant theory with CP invariant initial conditions, � = 0. As
inflation occurs, the field � moves away from the origin as quantum fluctuations are inflated into
classical excitations. Because it renders the theory more predictive, we will assume that inflation
has proceeded long enough that � has reached its equilibrium de Sitter distribution. It is simple
to generalize to the case where this has not occurred.

For simplicity, we will consider the case where the equilibrium distribution of the field � is
dominated by its mass term. As derived in Ref. [29], for a real free scalar field, we have

h�r(x1, t1)�r(x2, t2)i = H2
inf(1� c)(2� c)

16⇡ sin(⇡(1� c))
F (c, 3� c, 2;

1 + z

2

) (A.2)

c =
3

2

�
s

9

4

� m2

H2
inf

z = cosh(Hinft1 �Hinft2)� H2
inf

2

a20e
Hinft1+Hinft2 |x1 � x2|2

where F is the hyper-geometric function and z is invariant under the de Sitter symmetries. We
first consider the case where t1 = t2, x1 = x2 and m ⌧ Hinf. We see that

h�2
r(x, t)i =

3H4
inf

8⇡2m2
(A.3)

Thus, the average patch, sees a value of |�r| ⇠ H2
inf/m despite the fact that h�ri = 0. To investigate

the correlation length, we expand Eq. (A.2) in the large distance limit and the small m limit to
find

h�r(x, t)�r(x+ r, t)i ⇡ 3H4
inf

8⇡2m2

1

(Hinfr)
2m2

3H2
inf

(A.4)

If we define the correlation length Rc to be the length scale at which the correlation function falls
to half of its original value. We see that

Rc =
1

Hinf
2

3H2
inf

2m2 (A.5)

which can very easily be exponentially larger than our 60 e-foldings sized observable universe. As
long as m . 0.1Hinf, our universe roughly sees a spatially uniform expectation value for the fields
�r and �i

h|�r|i , h|�i|i ⇡
r

3

8⇡2

H2
inf

m
(A.6)

We now take into account the zeroth order effect of a small non-zero ��. To see the effect,
consider the equations of motion for the baryon number density nB = �i

˙�r � �r
˙�i.

dnB

dt
= �3HnB + 2��(�r�

3
i � �i�

3
r) neq

B =

2��(�r�
3
i � �i�

3
r)

3H
(A.7)
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• Wait long times until equilibrium has been 
reached 

• Baryon number does a random walk too 

• Can show that correlation length is large

CP violation
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The equilibrium value of nB can also be obtained by plugging in the slow roll equations of motion
for �r,i into the explicit expression of nB. As expected, we see that hnBi = 0. However, just like
the case for the expectation values of the fields, what is important is the local value and not the
global value.

If the potential is dominated by the mass term, then the distribution of �r,i is approximately
gaussian; it’s determined completely by the two point function. We have in the small and large r
limits that the two point function is

hnB(x)nB(x+ r)i|Hinfr>>1 ⇡ 27 ��2H16
inf

256⇡8m8H2

1

(Hinfr)
8m2

3H2
inf

(A.8)

hnB(x)nB(x)i = 27 ��2H16
inf

256⇡8m8H2
(A.9)

We have a non-zero baryon number present in our Hubble volume due to the effects of inflation

itself. We see that the correlation length for the number density of baryons is 1
Hinf

2

3H2
inf

8m2 so that as
long as m is small, this can be much larger than the size of the observable universe.

After inflation ends, the field � is frozen in place until H ⇠ m. While frozen in place, the non-
zero expectation value of � is constantly generating baryon number as can be seen from Eq. (A.7).
When H ⇠ m, the potential for � is dominated by the number conserving mass term and baryon
number is no longer being produced. The final number density of baryons is

n�(H = m) =

3

p
3 ��H8

inf

16⇡4m5
(A.10)

If we assume, as before, that that the energy density of � never dominates the energy density of
the universe and that the universe has reheated by the time H = m, then we can calculate the
abundance

Y =

n�

s
=

9 5

1/4H8
inf ��

8

p
2g

1/4
? m13/2M

3/2
p ⇡15/4

(A.11)

We see that we can easily accommodate Y ⇠ 10

�10. Note that what we have done is to calculate
the average value of Y an observer living in a Hubble patch would see. While we usually assume
that we live in a typical region of space, it could be possible that we live on the tails of the
distribution so that we observe a much larger or smaller value of Y .
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