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Questions and Comments 
are most welcome, at any 

time!!!!

The plan is to discuss and learn as much as possible. 
Therefore:
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Our observable Universe appears to be made out of only matter

We can explain this if in the early Universe 
there were  baryon out of every  
particle antiparticle pairs 

+1 109

Photon Baryon Antibaryon

+1/109

Early Universe

Ultra relativistic particles are expected to dominate the energy 
density of the early Universe

H ≃ ρ /MPlexpansion rate: (T ≫ m)
ρ ≃ T4

n ≃ T3

SM particles were efficiently interacting in the early Universe
" bad news for baryogenesis because departures from thermal equilibrium will be small
# good news for baryogenesis because an array of BSM particles could have been produced!

Γ > H

# once baryogenesis happens, B violating processes should not be active!
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The Three Sakharov Conditions (1967):
1) C and CP violation

2) Out of equilibrium

3) Baryon number violation

SM: Present and potentially seizable

SM: Present and active at  
(but still need to generate a B-L asymmetry)

T ≳ 130 GeV

SM: Not present

BSM: Generically present

BSM: Need to generate it

BSM: Need to generate it
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1) B-Mesons are heavy
B-Mesons can decay into baryons mB > 2mp

and we want to explain a Universe with  
nb − nb̄

nγ
≃ 6 × 10−10

3) Some of its decays are fairly unconstrained!

2) Large CP violation in the neutral B mesons:

|ACP | ≃ 10−5 − 10−3
Already in the SM, the mixing induced CP asymmetry is:  

BR(B → Baryon + missing energy) ≲ 10 %Back in 2018:

BR(B → Baryon + missing energy) ≲ 0.5 %As of today:
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http://arxiv.org/abs/arXiv:1810.00880
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1) C and CP violation
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tosc/⌧B |Bd = 0.24

<latexit sha1_base64="2LqG7GVXpH4qWtff9CyNYu9by40=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyFgFXfFaBohxMYygnlAdllmJ5NkyOyDmbtCWPMFNv6KjYUittZ2/o2TZAtNPHDhcM693HuPHwuuwLK+jdzK6tr6Rn6zsLW9s7tn7h+0VJRIypo0EpHs+EQxwUPWBA6CdWLJSOAL1vZH11O/fc+k4lF4B+OYuQEZhLzPKQEteWYJvNSRAY4UneBTB0ji1R/mUt1TE3yFq+XKhWcWrbI1A14mdkaKKEPDM7+cXkSTgIVABVGqa1sxuCmRwKlgk4KTKBYTOiID1tU0JAFTbjp7Z4JLWunhfiR1hYBn6u+JlARKjQNfdwYEhmrRm4r/ed0E+lU35WGcAAvpfFE/ERgiPM0G97hkFMRYE0Il17diOiSSUNAJFnQI9uLLy6R1VrYrZev2vFirZ3Hk0RE6RifIRpeohm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxifP+USmrI=</latexit>

tosc/⌧B |Bs = 8.56

see lecture by Marie-Helene!

Neutral and CP violating oscillating systems in the SM:

Kaons and D mesons cannot decay into baryons 

Neutral B Mesons are the perfect system: mB ' 5.3GeV

mK0 < 2mp

mD0 < 2mp

http://arxiv.org/abs/arXiv:1304.4741
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1) CP violation in the Meson System
SM: Box Diagrams
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Figure 2.1: Unitarity Triangle: Constraints in the (⇢, ⌘) plane [22].
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Figure 2.2: Dominant Feynman diagrams responsible for neutral B meson mixing in the SM.

Bq ! Bq transitions involve the exchange of two W bosons. They are the so called box
diagrams, shown in Fig. 2.2.

Due to GIM suppression [26], in these diagrams the leading contribution is given by
the top quark. The amplitude of the sum of the diagrams including all the up-type quark
contributions to the b̄ ! q transition, is proportional to:

m2

uVuqV
⇤

ub +m2

cVcqV
⇤

cb +m2

tVtqV
⇤

tb (2.13)
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2.2 Flavor in the Standard Model

The spontaneous symmetry breaking of the SM allows the quarks to acquire mass via
Yukawa interactions with the Higgs field, without breaking gauge invariance:

LY ukawa = Y ij
d Q

i
L�D

j
R + Y ij

u Q
i
L�U

j
R + (h.c.) (2.4)

With the Higgs field denoted with �, and Y i,j
d,u representing the coupling constants. The

mass of the quarks mq are related to their coupling to the Higgs field: mq = Yq
v
p
2
. To write

proper mass terms for quarks, the Y i,j
d,u matrices need to be diagonalized, that is possible

using four independent matrices. Only three of them can be freely chosen (redefining the
quark fields with a di↵erent phase), therefore if the up-type quarks are diagonalized, the
down-type quarks are left non-diagonal. By convention, the interaction eigenstates and
the mass eigenstates are chosen to be equal for the up-type quarks, whereas the down-type
quarks are chosen to be rotated, going from the flavor (o interaction) basis to the mass
basis:

Yu = I ·

0

@
u
c
t

1

A ; Yd = I ·

0

@
d0

s0

b0

1

A = VCKM ·

0

@
d
s
b

1

A

with I the identity matrix and VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix,
that relates the flavor eigenstates (d0, s0, b0) to the mass eigenstates (d, s, b).

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

The CKM matrix is unitary. The o↵-diagonal element show a strong hierarchical order:
|Vus| and |Vcd| are about 0.22, |Vcb| and |Vts| of order 4 · 10�2 and |Vub| and |Vtd| of order
5 ·10�3. As the matrix is unitary and global phases are not observable, four free parameters
remain. Three are the quark mixing angles and one is a complex phase. This complex
phase gives rise to CP violation in the Standard Model, i.e. the di↵erent behavior of
particles and anti-particles in the weak interaction. The CKM-matrix can be expressed in
terms of � = |Vus|, up to O(�4) terms 4

VCKM =

0

@
1� �2/2 � A�3(⇢ � i⌘)

�� 1� �2/2 A�2

A�3(1� ⇢ � i⌘) �A�2 1

1

A+O(�4)

4 For the CP violating measurement in the B0 sector presented in this thesis it is su�cient to write
the CKM-matrix including terms up to O(�3). For measurements in the B0

s
sector, it is helpful to include

terms up to O(�5), given that the phase of the matrix element Vts is playing a role in that case:

VCKM =

0

@
1� �2/2� �4/8 � A�3(⇢ � i⌘)

�� + A2�5[1� 2(⇢ + i⌘)]/2 1� �2/2� �4(1 + 4A2)/8 A�2

A�3[1� (1� �2/2)(⇢ + i⌘)] �A�2 + A�4[1� 2(⇢ + i⌘)]/2 1� A2�4/2

1

A+O(�6)

.
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4.6 � evolution

At some high temperature above m�, we assume that � was in thermal equilibrium with the plasma,
fixing its number density for T . m� to be

n� =
⇣(3)

⇡2
T

3
. (4.22)

In practice we will use Tdec = 100GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15GeV so that all the SM particles but the top, the Higgs and the EW
bosons are still in thermal equilibrium.

4.7 Meson Mixing

Mixing is described by the Hamiltonian H.

i
d

dt


|Bq(t)i
|B̄q(t)i

�
=

✓
Mq + i

�q

2

◆
|Bq(t)i
|B̄q(t)i

�
(4.23)

whereMq is the mass matrix and �q is the decay matrix. The diagonal elementsM11 = mB , M22 = mB̄

are the meson and anti-meson masses. The diagonal elements of the decay matrix, are the decay
widths; inverse of the meson and anti-meson lifetimes. CPT invariance requires M11 = M22 and
�11 = �22. Meson mixing results from non-zero o↵ diagonal elements. The o↵-diagonal elements
of the mass matrix account for the dominant, dispersive contributions of the box diagrams (internal
top-quark). The o↵-diagonal elements of the decay matrix account for absorptive contributions, i.
e. real intermediate decays to a state Bq ! f ! Bq. Thus Bq and B̄q are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and so M and � may
be complex.

|hB̄q|Bq(t)i|2 / |q/p|2 and |hBq|B̄q(t)i|2 / |p/q|2, so a = 1� |q/p|2 is a measure of CPV in Bq�B̄q

mixing.

a =
���
�q

12

M
q

12

��� sin�q

12 , (4.24)

where the theoretical quantities M12/�12 and their relative phase �12, can be related to observables
�Mq, ��q. Here the mass eigenstates BH/L are related to the flavor/CP eigenstates by: |BL/Hi =
p|Bqi± q|B̄qi.
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4.3 Elastic scattering of e±B0 ! e
±
B0.

As the B0 is neutral pseudoscalar particle the only possible interaction that an electron can have with
it is through the e↵ective charge distributed within the B0. This charge distribution is parametrized
in terms of a an elastic electromagnetic form factor FB0(q

2). The actual form of FB0(q
2) requires

either data (which is not possible to get in the laboratory for this reaction) or some modelling of the
quarks distributed within the B0 meson. Actually the form factors are usually parametrized in terms
of the charge radius which is defined as

⌦
r
2
↵
= 6


dF (q2)

dq2

�

q=0

. (4.1)

Which for a neutral particle leads to

F (q2) = �1

6

⌦
r
2
↵
q
2 + ... (4.2)

Since
⌦
r
2
B0

↵
is not measured, we use an estimate provided by [24], who quotes

⌦
r
2
B0

↵
⇠ �0.187 fm2.

It is worth comparing this result, with those of other pseudoscalars that do have been measured⌦
r
2
⇡+

↵
= 0.439 fm2,

⌦
r
2
K+

↵
= 0.34 fm2,

⌦
r
2
K0

↵
= �0.054 fm2. We can safely use the quadratic expansion

for the form factor 4.2 since it will be valid for |q| < 1/
q⌦

r
2
B0

↵
⇠ 100MeV and we are interested in

T ⇠ 10MeV. Thus, we are left to calculate the scattering cross section for the process e±B0 ! e
±
B0.

Which in the lab frame and ignoring the B0 recoil reads 1

d�

d⌦
=

↵
2

4E2 sin4 ✓

2

cos2
✓

2
|FB0(q

2)|2 (4.3)

q
2 = � 2mB0E

2(1� cos ✓)

mB0 + E(1� cos ✓)
' �4E2 sin2

✓

2
(4.4)

d�

dq2
= �2⇡

↵
2
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⌦
r
2
B0

↵2
✓
1 +

q
2

4E2

◆
(4.5)

� =

Z 0

�4E2

d�

dq2
dq

2 = ↵
2 2⇡

9

⌦
r
2
B0

↵2
E

2 = ↵
2 2⇡

9

⌦
r
2
B0

↵2
E

2 (4.6)

� ⌘ h�vine ' �(E = 3T )ne(T ) ⇠ 3⇥ 10�13 GeV

✓
T

10MeV

◆5
 ⌦

r
2
B0

↵

0.187

!2

(4.7)

and therefore we notice that the e
±
B0 ! e

±
B0 scattering rate will be way higher than the Hubble

rate H ⇠ 4⇥ 10�17
�

T

10MeV

�2
GeV.

4.4 Parameters for the B0 decays

We need to fill

H = M � i

2
� =


M11 � i

2�11 M12 � i

2�12

M
⇤
12 � i

2�
⇤
12 M22 � i

2�22

�
(4.8)

�mB ⌘ MH �ML = 2|M12| (4.9)

��B ⌘ �H � �L = �2Ref(M?

12�12

|M12|
(4.10)

1This equation is the non-relativistic formula given for an electron interacting with target with a charge density ⇢
where F (q2) ⌘

R
⇢(r) ei~q~r d3~r.
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B Meson Mixing
Standard Model example diagrams:

4.6 � evolution

At some high temperature above m�, we assume that � was in thermal equilibrium with the plasma,
fixing its number density for T . m� to be

n� =
⇣(3)

⇡2
T

3
. (4.22)

In practice we will use Tdec = 100GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15GeV so that all the SM particles but the top, the Higgs and the EW
bosons are still in thermal equilibrium.

4.7 Meson Mixing

Mixing is described by the Hamiltonian H.

i
d

dt


|Bq(t)i
|B̄q(t)i

�
=

✓
Mq + i

�q

2

◆
|Bq(t)i
|B̄q(t)i

�
(4.23)

whereMq is the mass matrix and �q is the decay matrix. The diagonal elementsM11 = mB , M22 = mB̄

are the meson and anti-meson masses. The diagonal elements of the decay matrix, are the decay
widths; inverse of the meson and anti-meson lifetimes. CPT invariance requires M11 = M22 and
�11 = �22. Meson mixing results from non-zero o↵ diagonal elements. The o↵-diagonal elements
of the mass matrix account for the dominant, dispersive contributions of the box diagrams (internal
top-quark). The o↵-diagonal elements of the decay matrix account for absorptive contributions, i.
e. real intermediate decays to a state Bq ! f ! Bq. Thus Bq and B̄q are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and so M and � may
be complex.

|hB̄q|Bq(t)i|2 / |q/p|2 and |hBq|B̄q(t)i|2 / |p/q|2, so a = 1� |q/p|2 is a measure of CPV in Bq�B̄q

mixing.

a =
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where the theoretical quantities M12/�12 and their relative phase �12, can be related to observables
�Mq, ��q. Here the mass eigenstates BH/L are related to the flavor/CP eigenstates by: |BL/Hi =
p|Bqi± q|B̄qi.
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4.6 � evolution

At some high temperature above m�, we assume that � was in thermal equilibrium with the plasma,
fixing its number density for T . m� to be
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3
. (4.22)

In practice we will use Tdec = 100GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15GeV so that all the SM particles but the top, the Higgs and the EW
bosons are still in thermal equilibrium.
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are the meson and anti-meson masses. The diagonal elements of the decay matrix, are the decay
widths; inverse of the meson and anti-meson lifetimes. CPT invariance requires M11 = M22 and
�11 = �22. Meson mixing results from non-zero o↵ diagonal elements. The o↵-diagonal elements
of the mass matrix account for the dominant, dispersive contributions of the box diagrams (internal
top-quark). The o↵-diagonal elements of the decay matrix account for absorptive contributions, i.
e. real intermediate decays to a state Bq ! f ! Bq. Thus Bq and B̄q are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and so M and � may
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where the theoretical quantities M12/�12 and their relative phase �12, can be related to observables
�Mq, ��q. Here the mass eigenstates BH/L are related to the flavor/CP eigenstates by: |BL/Hi =
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Figure 2.2: Dominant Feynman diagrams responsible for neutral B meson mixing in the SM.

Bq ! Bq transitions involve the exchange of two W bosons. They are the so called box
diagrams, shown in Fig. 2.2.

Due to GIM suppression [26], in these diagrams the leading contribution is given by
the top quark. The amplitude of the sum of the diagrams including all the up-type quark
contributions to the b̄ ! q transition, is proportional to:

m2

uVuqV
⇤

ub +m2

cVcqV
⇤

cb +m2

tVtqV
⇤

tb (2.13)
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2.2 Flavor in the Standard Model

The spontaneous symmetry breaking of the SM allows the quarks to acquire mass via
Yukawa interactions with the Higgs field, without breaking gauge invariance:

LY ukawa = Y ij
d Q

i
L�D

j
R + Y ij

u Q
i
L�U

j
R + (h.c.) (2.4)

With the Higgs field denoted with �, and Y i,j
d,u representing the coupling constants. The

mass of the quarks mq are related to their coupling to the Higgs field: mq = Yq
v
p
2
. To write

proper mass terms for quarks, the Y i,j
d,u matrices need to be diagonalized, that is possible

using four independent matrices. Only three of them can be freely chosen (redefining the
quark fields with a di↵erent phase), therefore if the up-type quarks are diagonalized, the
down-type quarks are left non-diagonal. By convention, the interaction eigenstates and
the mass eigenstates are chosen to be equal for the up-type quarks, whereas the down-type
quarks are chosen to be rotated, going from the flavor (o interaction) basis to the mass
basis:

Yu = I ·

0

@
u
c
t

1

A ; Yd = I ·

0

@
d0

s0

b0

1

A = VCKM ·

0

@
d
s
b

1

A

with I the identity matrix and VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix,
that relates the flavor eigenstates (d0, s0, b0) to the mass eigenstates (d, s, b).

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

The CKM matrix is unitary. The o↵-diagonal element show a strong hierarchical order:
|Vus| and |Vcd| are about 0.22, |Vcb| and |Vts| of order 4 · 10�2 and |Vub| and |Vtd| of order
5 ·10�3. As the matrix is unitary and global phases are not observable, four free parameters
remain. Three are the quark mixing angles and one is a complex phase. This complex
phase gives rise to CP violation in the Standard Model, i.e. the di↵erent behavior of
particles and anti-particles in the weak interaction. The CKM-matrix can be expressed in
terms of � = |Vus|, up to O(�4) terms 4

VCKM =

0

@
1 �2/2 � A�3(⇢ i⌘)

� 1 �2/2 A�2

A�3(1 ⇢ i⌘) A�2 1

1

A+O(�4)

4 For the CP violating measurement in the B0 sector presented in this thesis it is su cient to write
the CKM-matrix including terms up to O(�3). For measurements in the B0

s
sector, it is helpful to include

terms up to O(�5), given that the phase of the matrix element Vts is playing a role in that case:

VCKM =

0

@
1 �2/2 �4/8 � A�3(⇢ i⌘)

� + A2�5[1 2(⇢ + i⌘)]/2 1 �2/2 �4(1 + 4A2)/8 A�2

A�3[1 (1 �2/2)(⇢ + i⌘)] A�2 + A�4[1 2(⇢ + i⌘)]/2 1 A2�4/2

1

A+O(�6)

.
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4.6 � evolution

At some high temperature above m , we assume that � was in thermal equilibrium with the plasma,
fixing its number density for T . m to be

n =
⇣(3)

⇡2
T

3
. (4.22)

In practice we will use Tdec = 100GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15GeV so that all the SM particles but the top, the Higgs and the EW
bosons are still in thermal equilibrium.

4.7 Meson Mixing

Mixing is described by the Hamiltonian H.

i
d

dt


|Bq(t)i
|B̄q(t)i

�
=

✓
Mq + i

�q

2

◆
|Bq(t)i
|B̄q(t)i

�
(4.23)

whereMq is the mass matrix and �q is the decay matrix. The diagonal elementsM11 = mB , M22 = mB̄

are the meson and anti-meson masses. The diagonal elements of the decay matrix, are the decay
widths; inverse of the meson and anti-meson lifetimes. CPT invariance requires M11 = M22 and
�11 = �22. Meson mixing results from non-zero o↵ diagonal elements. The o↵-diagonal elements
of the mass matrix account for the dominant, dispersive contributions of the box diagrams (internal
top-quark). The o↵-diagonal elements of the decay matrix account for absorptive contributions, i.
e. real intermediate decays to a state Bq ! f ! Bq. Thus Bq and B̄q are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and so M and � may
be complex.

|hB̄q|Bq(t)i|2 / |q/p|2 and |hBq|B̄q(t)i|2 / |p/q|2, so a = 1� |q/p|2 is a measure of CPV in Bq�B̄q

mixing.

a =
���
�q

12

M
q

12

��� sin�q

12 , (4.24)

where the theoretical quantities M12/�12 and their relative phase �12, can be related to observables
�Mq, ��q. Here the mass eigenstates BH/L are related to the flavor/CP eigenstates by: |BL/Hi =
p|Bqi± q|B̄qi.
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4.3 Elastic scattering of e±B0 ! e
±
B0.

As the B0 is neutral pseudoscalar particle the only possible interaction that an electron can have with
it is through the e↵ective charge distributed within the B0. This charge distribution is parametrized
in terms of a an elastic electromagnetic form factor FB0(q

2). The actual form of FB0(q
2) requires

either data (which is not possible to get in the laboratory for this reaction) or some modelling of the
quarks distributed within the B0 meson. Actually the form factors are usually parametrized in terms
of the charge radius which is defined as

⌦
r
2
↵
= 6


dF (q2)

dq2

�

q=0

. (4.1)

Which for a neutral particle leads to

F (q2) = �1

6

⌦
r
2
↵
q
2 + ... (4.2)

Since
⌦
r
2
B0

↵
is not measured, we use an estimate provided by [24], who quotes

⌦
r
2
B0

↵
⇠ �0.187 fm2.

It is worth comparing this result, with those of other pseudoscalars that do have been measured⌦
r
2
⇡+

↵
= 0.439 fm2,

⌦
r
2
K+

↵
= 0.34 fm2,

⌦
r
2
K0

↵
= �0.054 fm2. We can safely use the quadratic expansion

for the form factor 4.2 since it will be valid for |q| < 1/
q⌦

r
2
B0

↵
⇠ 100MeV and we are interested in

T ⇠ 10MeV. Thus, we are left to calculate the scattering cross section for the process e±B0 ! e
±
B0.

Which in the lab frame and ignoring the B0 recoil reads 1

d�

d⌦
=

↵
2

4E2 sin4 ✓

2

cos2
✓

2
|FB0(q

2)|2 (4.3)

q
2 = � 2mB0E

2(1� cos ✓)

mB0 + E(1� cos ✓)
' �4E2 sin2

✓

2
(4.4)
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2
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� ⌘ h�vine ' �(E = 3T )ne(T ) ⇠ 3⇥ 10�13 GeV

✓
T

10MeV

◆5
⌦
r
2
B0

↵

0.187

!2

(4.7)

and therefore we notice that the e
±
B0 ! e

±
B0 scattering rate will be way higher than the Hubble

rate H ⇠ 4⇥ 10�17
�

T

10MeV

�2
GeV.

4.4 Parameters for the B0 decays

We need to fill

H = M � i

2
� =


M11 � i

2�11 M12 � i

2�12

M
⇤
12 � i

2�
⇤
12 M22 � i

2�22

�
(4.8)

�mB ⌘ MH �ML = 2|M12| (4.9)

��B ⌘ �H � �L = �2Ref(M?

12�12

|M12|
(4.10)

1This equation is the non-relativistic formula given for an electron interacting with target with a charge density ⇢
where F (q2) ⌘

R
⇢(r) ei~q~r d3~r.
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B Meson Mixing
Standard Model example diagrams:

4.6 � evolution

At some high temperature above m , we assume that � was in thermal equilibrium with the plasma,
fixing its number density for T . m to be

n =
⇣(3)

⇡2
T

3
. (4.22)

In practice we will use Tdec = 100GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15GeV so that all the SM particles but the top, the Higgs and the EW
bosons are still in thermal equilibrium.

4.7 Meson Mixing

Mixing is described by the Hamiltonian H.

i
d

dt


|Bq(t)i
|B̄q(t)i

�
=

✓
Mq + i

�q

2

◆
|Bq(t)i
|B̄q(t)i

�
(4.23)

whereMq is the mass matrix and �q is the decay matrix. The diagonal elementsM11 = mB , M22 = mB̄

are the meson and anti-meson masses. The diagonal elements of the decay matrix, are the decay
widths; inverse of the meson and anti-meson lifetimes. CPT invariance requires M11 = M22 and
�11 = �22. Meson mixing results from non-zero o↵ diagonal elements. The o↵-diagonal elements
of the mass matrix account for the dominant, dispersive contributions of the box diagrams (internal
top-quark). The o↵-diagonal elements of the decay matrix account for absorptive contributions, i.
e. real intermediate decays to a state Bq ! f ! Bq. Thus Bq and B̄q are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and so M and � may
be complex.

|hB̄q|Bq(t)i|2 / |q/p|2 and |hBq|B̄q(t)i|2 / |p/q|2, so a = 1� |q/p|2 is a measure of CPV in Bq�B̄q

mixing.

a =
���
�q

12

M
q

12

��� sin�q

12 , (4.24)

where the theoretical quantities M12/�12 and their relative phase �12, can be related to observables
�Mq, ��q. Here the mass eigenstates BH/L are related to the flavor/CP eigenstates by: |BL/Hi =
p|Bqi± q|B̄qi.
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BSM?

Z' models (even at tree level), Leptoquarks etc ...
see e.g. Nir 9911321

CP violating mixing requires a relative phase between        and �12 M12
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CP violation in the neutral B-meson system 
The key quantity: the semileptonic asymmetry,

• Year ago there were plenty of BSM models that can enlarge the asymmetries 
up to 10-4: SUSY, Extradim, LR, 2HDM, new generations, Leptoquarks, Z' 
models (see e.g. Artuso, Borissov & Lenz 1511.09466, Nebot et al. 1402.1181). 
Currently under investigation with Carlos Miró & Miguel Nebot
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(mc/mt)2  is smallStandard Model

Lenz & Tetlalmatzi-Xolocotzi
1912.07621
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SL|SM = (2.1± 0.2)⇥ 10�5

<latexit sha1_base64="W0C5nMI4f6WQUpnfqpHAThSUEAU="></latexit>

Measurements World averages 
(HFLAV)

Ad
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2) Out of equilibrium and production of B Mesons

• This particle should be very weakly coupled, with lifetimes                          

• Require the presence of an out of equilibrium particle that dominates the 
energy density of the Universe and reheats it to a temperature of                                     

TRH = O(10MeV)

⌧� = O(10�3 s)

• The decays don't spoil BBN or the CMB provided
de Salas et al. 1511.00672
Hasegawa et al. 1908.10189

TRH ≳ 4.7 MeV
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2) Out of equilibrium and production of B Mesons

T < TQCD ⇠ 200MeV

�

b

b̄

e±e±

B0 B0

• Coherent oscillations in the B0 system are 
maintained in the early Universe for temperatures*:

T . 20MeV

• Scalar particle with                                        and  
                               generically decays into b-quarks

• b-quarks hadronize at

⌧� = O(10�3 s)
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M� 2 11� 100GeV

*In preparing these lectures noticed that  could be a source of decoherence (under investigation)γ + B0 → B⋆
0
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3) Baryon number violation?

•Require a new decay mode of the B meson into DM and a 
visible Baryon!

•We make Dark Matter an anti-Baryon and generate an 
asymmetry between the two sectors thanks to the CP 
violating oscillations and subsequents decays of B-mesons.

•Baryon number is conserved in our scenario: �B = 0
In a similar spirit to Hylogenesis by Davoudiasl, Morrissey, Sigurdson, Tulin 1008.2399

Visible Sector 
(Baryons)

Dark Sector
(anti-Baryons)
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Baryogenesis

⌦DMh2 = 0.12YB = 8.7⇥ 10�11

Dark Matter
and

�
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Out of equilibrium 
late time decay CP violating oscillations

B0
d B0

sB+

B� B̄0
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d

B-mesons decay into 
Dark Matter and hadrons

Dark Matter

Baryon

(anti-Baryon)
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Br (B !  + B +M)
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QCD PT

BBN

Out of equilibrium decays!

time

b̄

b
ϕ

nΦ = ρΦ/MΦ = g⋆(π2/30)T4
RH/MΦ

nγ = 2(π2/30)T3
RH

nΦ/nγ = g⋆
2

TRH
MΦ
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With: YB ' 8.7⇥ 10�11 Br(B !  + B +M)

10�2

X
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Aq

SL
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Constrained directly 
by hadron colliders 
and B-factories

ηb ≡ nB − nB̄

nγ
= nΦ × BR × ϵCP

nγ
≃ BR(B → ψ + Baryon + X) × fb

2 × ASL
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1 + (Γ/ΔM)2
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where here we have used the fact that fu+fd+fs+f�B =
1 and we have ignored the very small ��/� in both Bd

and Bs systems in the denominator.
The time evolution of the B-meson systems is the fol-
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Since the B-mesons decay fast, we integrate over this
evolution to find the time integrated probabilities as:
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where here we have expanded |p/q|2 as simplified by
Eq. (11). We then can calculate the relevant TIP combi-
nation to find:
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where in the last step we have expanded again over small
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Finally, collecting everything, we find
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Note that Eq. (32) is precisely what was found for me-
sion oscillations and in perfect agreement with the result
of Eq. 18 of [2].

ME: Make sure I understand that the fragmentation
fractions are what I think they are. Namely, the ones
at the production point not after oscillations. I do think
that this is the case given the description in [3] and [4].
I think I did, it is the abundance at the production time.
Not the decayed ones!
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Excercise: show that by taking the formulae 
from Lecture 2 of Alexey

Constrained 
indirectly by 
the LHC

b̄

Y

u

s

 

Constrained 
directly by B-
factories
(Analysis of Belle 
and BaBar already 
constrain some of 
the operators)
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CP violation

Signatures

New b decays

High pT jets 
and missing 
energyBaBar/Belle 

Belle-II & LHCb

ATLAS & CMS

Belle-II LHCb

LHCb

Conclusion: B-Mesogenesis will be tested in the upcoming years!
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L

H
N

ΔL = 1

Originally proposed by Fukugita & Yanagida, Phys. Lett. B 174 (1986) 45
but maybe the most thoroughly investigated mechanism in the literature, see 
reviews of 

Leptogenesis for pedestrians, Buchmüller, Di Bari & Plümacher, 
hep-ph/0401240
Leptogenesis, Davidson, Nardi & Nir hep-ph/0802.2962
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de Gouvea hep-ph/0902.4656

Neutrino masses are the only laboratory 
evidence of physics beyond the Standard 
Model. There are no right handed 
neutrinos in the SM!

The smallness of neutrino masses 
suggest a different mechanism than the 
Higgs mechanism

We know that neutrinos oscillate and 
therefore are massive.
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A very plausible scenario is the type-I seesaw mechanism

mν

yDvH

MN

Minkowski, Ramond, Gell-Mann, Slansky, Yanagida, Mohapatra, Senjanovic ‘79

Right-handed neutrinos (RHN)

Type-
I sees

aw m
echan

ism

Neutrino masses

[Particle Data Group]

Lept
ogen

esis

Baryon asymmetry

[See also talks by Jessica Turner and
Maximilian Berbig]

1

mν ≃ y2
Dv2

H /MNMν = ( 0 yDvH

yt
DvH MN ) example: yD = 1

mν = 0.1 eV

MN ≃ 1013 GeV

Complements the SM with right handed Majorana neutrinos and allows to understand the lightness of 
neutrinos and tell us that they should be Majorana fermions too

ℒ = − yDL̄HcNR − MNNRNc
R/2 + h . c .
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Key element that heavy Majorana neutrinos introduce is Lepton 
number violation! (which thanks to the Sphalerons could lead to a B asymmetry) 

L

H
N

ΔL = 1

L̄

H̄
N

ΔL = − 1

Sakharov #3
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In addition, these sterile neutrinos appear to interact just in the 
right way to be out of equilibrium
Sakharov #2

L

H
N Γ(N → LH) = y2

D

8π
MN

y2
D ≃ mνMN /v2

Hmν ≃ y2
Dv2

H /MN

Γ(N → LH) ≃ H(T = MN) mildly out of 
equilibrium!
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In addition, there are new sources of CP violation in their 
interactions

ℒ = − yij
DL̄iHcNRj + h . c .Sakharov #1

In particular, these diagrams generate the contribution to the CP 
asymmetry: Covi, Roulet & Vissani [hep-ph/9605319]

Lα

Lβ
Lβ

Lα Lα

φ φ
φ

φφ

N1 N1 N1
N2 N2

FIG. 3: The diagrams contributing to the CP asymmetry ϵ.

there are branch cuts corresponding to intermediate on-shell particles, which can arise in

the loops of Fig. 3 when the φ and L are on-shell:

2Im(A0A∗
1) = A0(N → φL)

∫
A∗

0(N → L̄′φ′†)δ̃′dΠL′,φ′A∗
0(L̄

′φ′† → φL). (20)

Here φ′ and L′ are the (assumed massless) intermediate on-shell particles.

In the limit Mi>1 ≫ M1, the effects of Ni>1 can be represented by an effective dimension-

5 operator. In the diagrams of Fig. 3, this corresponds to shrinking the Ni>1-propagator

to a point. For calculating ϵ, the Feynman rule for the dimension-5 operator can be taken

∝ mν/v2. (There is a contribution to mν from N1 exchange, which is not present in the

dimension-5 operator that is obtained by integrating out N2 and N3. But the N1-mediated

part of mν makes no contribution to the imaginary part for ϵ.) Then we obtain for the

relevant coupling constants

c0 = λ∗α1, c1 = (3/v2)
∑

β

λβ1m
ν∗
βα. (21)

Using A∗
0(L̄φ

† → φL) = v̄LPLuL, we obtain

ϵ =
3M1

16πv2(λ†λ)11
Im

⎡

⎣
∑

α,β

λ∗α1λ
∗
β1m

ν
βα

⎤

⎦ . (22)

Noting that the three-vector

λ̂α =
λ†1α√

(λ†λ)11

, (23)

is a unit vector (
∑
α |λ̂1α|2 = 1), and using

UT mνU = Dν , (24)

where U is the leptonic mixing matrix and Dν = diag(m1, m2, m3), we have

Im(λ̂T mν λ̂) = Im(λ̂T U∗UT mνUU †λ̂) = Im[(U †λ̂)T Dν(U †λ̂)]

= Im(λ̂′T Dνλ̂′) = Im(
∑

α

λ̂′2αmα) ≤ mmax, (25)

12

Nir [hep-ph/0702199]

[ ][ ]
[ ][ ]L

H
N

L̄

H̄
N

ϵL−break
CP =

Γ Γ
L

H
N

L̄

H̄
NΓ Γ+

≠ 0
−



Models for Baryogenesis Bad Honnef 21-03-24Miguel Escudero Abenza (CERN)

Type-I Seesaw Mechanism & Leptogenesis

77

Key aspects of CP violation

Lα

Lβ
Lβ

Lα Lα

φ φ
φ

φφ

N1 N1 N1
N2 N2

FIG. 3: The diagrams contributing to the CP asymmetry ϵ.

there are branch cuts corresponding to intermediate on-shell particles, which can arise in

the loops of Fig. 3 when the φ and L are on-shell:

2Im(A0A∗
1) = A0(N → φL)

∫
A∗

0(N → L̄′φ′†)δ̃′dΠL′,φ′A∗
0(L̄

′φ′† → φL). (20)

Here φ′ and L′ are the (assumed massless) intermediate on-shell particles.

In the limit Mi>1 ≫ M1, the effects of Ni>1 can be represented by an effective dimension-

5 operator. In the diagrams of Fig. 3, this corresponds to shrinking the Ni>1-propagator

to a point. For calculating ϵ, the Feynman rule for the dimension-5 operator can be taken

∝ mν/v2. (There is a contribution to mν from N1 exchange, which is not present in the

dimension-5 operator that is obtained by integrating out N2 and N3. But the N1-mediated

part of mν makes no contribution to the imaginary part for ϵ.) Then we obtain for the

relevant coupling constants

c0 = λ∗α1, c1 = (3/v2)
∑

β

λβ1m
ν∗
βα. (21)

Using A∗
0(L̄φ

† → φL) = v̄LPLuL, we obtain

ϵ =
3M1

16πv2(λ†λ)11
Im

⎡

⎣
∑

α,β

λ∗α1λ
∗
β1m

ν
βα

⎤

⎦ . (22)

Noting that the three-vector

λ̂α =
λ†1α√

(λ†λ)11

, (23)

is a unit vector (
∑
α |λ̂1α|2 = 1), and using

UT mνU = Dν , (24)

where U is the leptonic mixing matrix and Dν = diag(m1, m2, m3), we have

Im(λ̂T mν λ̂) = Im(λ̂T U∗UT mνUU †λ̂) = Im[(U †λ̂)T Dν(U †λ̂)]

= Im(λ̂′T Dνλ̂′) = Im(
∑

α

λ̂′2αmα) ≤ mmax, (25)

12

1) It appears at the 1-loop level

3) It requires on-shell particles mediating in the loops
2) It requires complex coupling constants

Under the 
assumption of 
hierarchical sterile 
neutrinos the CP 
asymmetry is 
bounded!

|ϵN1
CP | ≤ 3

8π
M1(m3 − m1)

v2
H

Davidson & Ibarra [hep-ph/0202239]
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Thermal equilibrium

n ≃ T3

n ≃ (mT)3/2e−m/T

out of equilibrium decays
Γ < H
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m̃1 (eV)

M
1

(G
eV

)

Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results forMmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4× 108GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 ≪ 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].

31

Particularly nice because it works in a regime where previous 
asymmetries are erased!

Buchmüller, Di Bari & Plümacher, hep-ph/0401240

Strength of interactions with HL
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results forMmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4× 108GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 ≪ 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].

31

Particularly nice because it works in a regime where previous 
asymmetries are erased!

Buchmüller, Di Bari & Plümacher, hep-ph/0401240

Pros: # Explains neutrino masses and mixings!
Works out of the box — These sterile neutrino have just the right 
properties to do baryogenesis!

#

$Con?: Operates at very high energies and is hard (or impossible) to test

Strength of interactions with HL
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Same as thermal leptogenesis but with strong mass degeneracy

Resonant Leptogenesis

Allows to enhance the CP asymmetries by orders of magnitude and works for 
MN > TeV

Pilaftsis & Underwood [hep-ph/0506107]

Could be testable at future colliders

Leptogenesis via neutrino oscillations
Akhmedov, Rubakov & Smirnov, hep-ph/9803255
See also Asaka & Shaposhnikov, hep-ph/0505013

N N̄N
CPV

+ = ΔB #
No N’s produced
during reheating + Sphalerons

MN ≳ 0.1 GeV TLepto ∼ 105 GeV

sizable regions of parameter space testable at future colliders

Lα

Lβ
Lβ

Lα Lα

φ φ
φ

φφ

N1 N1 N1
N2 N2

FIG. 3: The diagrams contributing to the CP asymmetry ϵ.

there are branch cuts corresponding to intermediate on-shell particles, which can arise in

the loops of Fig. 3 when the φ and L are on-shell:

2Im(A0A∗
1) = A0(N → φL)

∫
A∗

0(N → L̄′φ′†)δ̃′dΠL′,φ′A∗
0(L̄

′φ′† → φL). (20)

Here φ′ and L′ are the (assumed massless) intermediate on-shell particles.

In the limit Mi>1 ≫ M1, the effects of Ni>1 can be represented by an effective dimension-

5 operator. In the diagrams of Fig. 3, this corresponds to shrinking the Ni>1-propagator

to a point. For calculating ϵ, the Feynman rule for the dimension-5 operator can be taken

∝ mν/v2. (There is a contribution to mν from N1 exchange, which is not present in the

dimension-5 operator that is obtained by integrating out N2 and N3. But the N1-mediated

part of mν makes no contribution to the imaginary part for ϵ.) Then we obtain for the

relevant coupling constants

c0 = λ∗α1, c1 = (3/v2)
∑

β

λβ1m
ν∗
βα. (21)

Using A∗
0(L̄φ

† → φL) = v̄LPLuL, we obtain

ϵ =
3M1

16πv2(λ†λ)11
Im

⎡

⎣
∑

α,β

λ∗α1λ
∗
β1m

ν
βα

⎤

⎦ . (22)

Noting that the three-vector

λ̂α =
λ†1α√

(λ†λ)11

, (23)

is a unit vector (
∑
α |λ̂1α|2 = 1), and using

UT mνU = Dν , (24)

where U is the leptonic mixing matrix and Dν = diag(m1, m2, m3), we have

Im(λ̂T mν λ̂) = Im(λ̂T U∗UT mνUU †λ̂) = Im[(U †λ̂)T Dν(U †λ̂)]

= Im(λ̂′T Dνλ̂′) = Im(
∑

α

λ̂′2αmα) ≤ mmax, (25)

12
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Kuzmin, Rubakov & Shaposhnikov ’85
Cohen, Kaplan & Nelson ‘90

Generate a baryon asymmetry at a first order phase transition 

32 J. M. Cline

m=0
m>0

m>0

m>0

m>0

m>0

m>0

Fig. 11. Bubble nucleation during a first-order EWPT.

qL + q̄R relative to qR + q̄L in front of the wall, and a compensating deficit of
this quantity on the other side of the wall. This CP asymmetry is schematically
shown in figure 13.

Sphalerons interact only with qL, not qR, and they try to relax the CP-asymmetry
to zero. Diagramatically,

is slower
than

quarks
leptons antileptons

antiquarks
simply because there are more q̄L than qL in front of the wall. But the first in-
teraction violates baryon number by −3 units while the second has ∆B = 3.
Therefore the CP asymmetry gets converted into a baryon asymmetry in front of
the wall (but not behind, since we presume that sphaleron interactions are essen-
tially shut off because of the large Higgs VEV). Schematically the initial baryon
asymmetry takes the form of figure 14.

Baryogenesis 33

qR (q_R)qR (q_R)

qL (q_L)qL (q_L)

qL (q_L)

qR (q_R)

transmitted incident 
   + reflected

Fig. 12. CP-violating reflection and transmission of quarks at the moving bubble wall.

CP asymmetry

z

wall

broken
phase

sym. phase

Fig. 13. The CP asymmetry which develops near the bubble wall.

If the baryon asymmetry remained in front of the wall, eventually sphalerons
would cause it to relax to zero, because there are other processes besides sphalerons
in the plasma which can relax the CP asymmetry, for example strong SU(3)
sphalerons which change chirality Q5 by 12 units, 2 for each flavor, as shown
in figure 15. (See [33] for a lattice computation of the strong sphaleron rate.)
The combination of weak and strong sphalerons would relax Q5 and B + L to
zero if the wall was not moving. But due to the wall motion, there is a tendency
for baryons to diffuse into the broken phase, inside the bubble. If Esph/T is large
enough, Γsph is out of equilibrium and B violation is too slow to relax B to zero.
This is the essence of electroweak baryogenesis.

*Figures taken from Cline hep-ph/0609145

Need a source for a first order phase transition BSM, e.g. singlet scalar

Need new sources of CP violation (that can be easily obtained BSM)

$ Typically they lead to contributions to Electric Dipole moments

# Testable!

see Morrissey & Ramsey-Musolf [1206.2942] for a review
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Main player: Scalar field carrying baryon number
Affeck-Dine ’85, check out review by Dine & Kusenko [hep-ph/0303065]

These particles appear naturally in SUSY, e.g. s-quarks 

One needs new sources of CP and baryon/lepton number violation (which are not hard to find)

Generation of a Baryon asymmetry arises from the evolution of the scalar condensate in an expanding 
Universe with very large initial field values as generated by inflation5

−0.5 0 0.5 1 1.5 2 2.5
−0.8

−0.7

−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

φ1

φ 2

Figure 1. The trajectory of the AD condensate � = �1 + i�2 for a gravity-
mediated case with an initial CP-violating phase ✓i = �⇡/10 [3]. The potential
is lifted by non-renormalizable terms of order n = 4 (solid) and n = 6 (dashed),
see equation (3). The units of �1 and �2 are arbitrary, but the relative scales
correspond to the initial condition.

generated asymmetry will reach its final value after a few oscillations, which is given by [6]

nB,L(tosc) = �
2(n � 2)

3(n � 3)
m��

2
0 sin(n✓) sin(�). (7)

After using equation (4), with M = MP, and for sin(n✓) ⇠ sin(�) ⇡O(1), we find that

nB,L(tosc) ⇡ �
2(n � 2)

3(n � 3)
m� (m� M

n�3
P )2/(n�2). (8)

2.3. Flat direction decay and the baryon-to-entropy ratio

The baryon and/or lepton asymmetry carried by the AD field will be eventually transferred
to fermions when it decays. The rotating condensate induces a large mass ⇠y|�| for the
fields coupled to it (y being a gauge or Yukawa coupling). The one-particle decay will be
kinematically forbidden as long as y|�|& m� . Therefore the condensate VEV will only be
subject to redshift by Hubble expansion initially. The AD field eventually decays, yielding a
net baryon/lepton-to-entropy ratio that is given by [3]

nB,L

s
= 1

4
TR

M
2
P H(tosc)2

nB,L(tosc) ⇡ �
n � 2

6(n � 3)

TR

M
2
Pm�

�
m� M

n�3
P

�2/(n�2)
. (9)

Here s = (2⇡2/45)g⇤T
3

R is the entropy density of the universe when transition from inflation to
a radiation-dominated universe is complete, with g⇤ being the number of relativistic degrees of
freedom and TR being the reheat temperature of the universe. We have used H(tosc) ⇡ m� and
equation (8) to obtain the final result. For n = 4, we have

nB,L

s
⇡ 10�10 ⇥ �

✓
1 TeV

m�

◆ ✓
TR

109 GeV

◆
, (10)

New Journal of Physics 14 (2012) 125013 (http://www.njp.org/)

from Allahverdi & Mazumdar 
[New J.Phys. 14 (2012) 125013]

Turns out that the baryon asymmetry of the 
Universe is tends to be much larger than the 
observed one

Would require further entropy damping later 
in the evolution of the Universe

https://arxiv.org/abs/hep-ph/0303065
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Main players: Gauge bosons and scalars of GUT groups 
Originally developed in ’78-80, Yoshimura, Toussaint et al., Weinberg, Dimopoulos & Susskind, 
Papastamatiou & Parker, Ignatiev et al., Ellis et al. …

Baryogenesis 19

bosons, Y , we get the analogous bound

h2 or y2

4π
≪

m

Mp
√

g∗
(3.5)

which can be satisfied by taking small Yukawa couplings. Therefore the Higgs
bosons are the promising candidates for decaying out of equilibrium.
For clarity, I will now focus on a particular decay channel, Y → uReR, whose

interaction Lagrangian is

yijY
aūR a,ie

c
R,j + h.c. (3.6)

At tree level, we cannot generate any difference between the squared matrix ele-
ments, and we find that

|MY →eRuR |
2 =

∣∣MȲ →ēRūR

∣∣2 (3.7)

The complex phases are irrelevant at tree level. To get a CP-violating effect, we
need interference between the tree amplitude and loop corrections, as shown in
figure 6.

qL
i

uR
i

uR
i

eR
j

eR
j

uR
i

eR
j

yij
Y

yij
Y

g

g

Y
YXµ hkl

ilh*

kjy

dR
l
_

uR
k_

+ +

_

_

L
jq

Fig. 6. Tree plus 1-loop contributions to Y → eRuR

The one-loop diagrams develop imaginary parts which interfere with the phase
of the tree diagram in a CP-violating manner. We can write the amplitude as

− iM = −i
(
yij + yijFX

(
M2

X/p2
)

+ (h∗HT y)ijFY

(
M2

X/p2
))

(3.8)

where p is the 4-momentum of the decaying Y boson,

FY = i5
∫

d4q

(2π)4
1

q2 − M2
Y

1

/q + 1
2 /p + iϵ

1

/q − 1
2 /p + iϵ

≡ RY + iIY (3.9)

and FX is similar, but with MY → MX and γµ factors in between the propa-
gators. (It will turn out that the X exchange diagram does not contribute to the

Cline hep-ph/0609145

Main idea: Use out-of equilibrium decays from these bosons.
(which naturally decay in a baryon violating way)

$ Typically in conflict with standard versions of Inflation

$ Leads to baryon violation, e.g. p → π0e+

# Well motivated particle physics scenario

$ Standard SU(5) does not work because it preserves B − L
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The generation of an excess of baryons over antibaryons in the very early universe due to CP- 
and B-violating interactions is described. The Boltzmann equation is used to perform detailed 
calculations of the time development of such an excess in several simple illustrative models. 
Complications encountered in applications of the results to specific models are discussed. 

1. Introduction 

Theories in which quarks and leptons are treated in a unified manner often lead 
naturally to the speculation that there should exist interactions which violate baryon 
and lepton number. The rather stringent limit (~>103°yr) on the proton lifetime 
suggests that such interactions, if present, must be mediated by very massive particles 
(with m ~ 10 TM GeV). A null result in the forthcoming generation of searches for 
proton decay could rule out the detailed predictions of the present generation of 
models, but could never provide an ultimate proof for the absence of baryon number 
(B) violation. For further information on B-violating interactions, one must forsake 
terrestrial experiments, and rely on indirect evidence from the early universe. 
According to the standard hot big bang model f6r the early universe, temperatures at 
sufficiently early times should have been high enough to overwhelm suppressions 
from large intermediate masses, rendering the rates for any B-violating reactions 
comparable to those for B-conserving ones. 

If baryon number and the various (/z, e . . . .  ) lepton numbers were absolutely 
conserved by all possible interactions occurring in the early universe, then the total 
baryon and lepton numbers of the present universe must simply reflect their 
apparently arbitrarily imposed initial values. A plausible guess would be that the 
initial total baryon and lepton numbers were exactly zero (as the total electric charge 
appears to be). However,  if this is to be viable some mechanism must exist which 
serves either to separate baryons and antibaryons or to hide antibaryons in the 

* A summary of parts of this work is given in ref. [1]. 
1 Work supported in part by the National Science Foundation [PHY76-83685]. 
2 Work supported in part by the US DOE [DE-AC-03-79ER0068] and a Feynman fellowship. 
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I haven’t written any evolution equation, but they are sometimes hard to deal with. 

Wolfram (the Mathematica guy) had to deal with these types of equations himself!
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60 years have passed since the concept of Baryogenesis was considered 
seriously, Sakharov 1967.

The observed baryon asymmetry of the Universe is a clear call of physics 
beyond the Standard Model

We have many different mechanisms to explain it:

We have many models to explain it:

10°3100103106109101210151018

T [GeV]

10°30 10°25 10°20 10°15 10°10 10°5 100
Time t (s)

Thermal 
Leptogenesis
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Electroweak 
Baryogenesis

Leptogenesis 
via oscillations/
Resonant lepto

Inflation? SU(3)xU(1)GUT era? SU(3)xSU(2)xU(1)

GUT 
baryogenesis

B-Mesogenesis
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Some of them are better motivated than others, some can be tested and some 
others cannot be

Thermal Leptogenesis:

L

H
N

Neutrino Masses#

Works out of the box#

$ Hard to test

Testable and provides 
Dark Matter!

#

Uses a naturally occurring 
CP violating system

#

$ Requires use of non-
standard cosmologies 

B-Mesogenesis:

B

⇤

 

— More mechanisms to come
— Await for potential laboratory signals of lepton/baryon non-conservation!Future:
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Thank you for your attention!
miguel.escudero@cern.ch

End of Lecture II
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Ann Nelson passed away ~5 years ago in a climbing accident

For comments from the community see:

https://physicstoday.scitation.org/do/10.1063/pt.6.4.20190808a/full/

David B. Kaplan, Howard Georgi, Lisa Randall, Nima Arkani-Hamed, Michael Dine, 
Kathryn Zurek & Mary K Gaillard

including

Who was she?

A role model

A leader of the community

An outstanding theoretical physicist
e.g.: Sakurai Prize winner 2018!
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Some of Ann’s contributions:

Little Higgs

IR-UV 
connections 
in gravity

Dynamical 
SUSY 
breaking

Electroweak 
Baryogenesis

Dark Energy-
Neutrino 
Connection!

Solving the Strong 
CP problem with 
spontaneous CP 
violation
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How did I meet Ann?
She gave an amazing seminar at Fermilab about Baryogenesis in 
2017. I thought, wow, that’s who I would like to be when I am old!

She introduced me to Baryogenesis and we wrote a paper of Baryogenesis and Dark 
Matter mechanism using a naturally occurring CP violating system in the Standard 
Model: the neutral B meson system:

 

Baryogenesis and dark matter from B mesons

Gilly Elor,1,* Miguel Escudero,2,3,† and Ann E. Nelson1,‡
1Department of Physics, Box 1560, University of Washington, Seattle, Washington 98195, USA
2Department of Physics, King’s College London, Strand, London WC2R 2LS, United Kingdom

3Instituto de Física Corpuscular (IFIC), CSIC-Universitat de València, Paterna E-46071, Valencia, Spain

(Received 17 October 2018; published 20 February 2019)

We present a new mechanism of baryogenesis and dark matter production in which both the dark matter
relic abundance and the baryon asymmetry arise from neutral B meson oscillations and subsequent decays.
This setup is testable at hadron colliders and B factories. In the early universe, decays of a long lived
particle produce B mesons and antimesons out of thermal equilibrium. These mesons/antimesons then
undergo CP violating oscillations before quickly decaying into visible and dark sector particles. Dark
matter will be charged under the baryon number so that the visible sector baryon asymmetry is produced
without violating the total baryon number of the Universe. The produced baryon asymmetry will be directly
related to the leptonic charge asymmetry in neutral B decays: an experimental observable. Dark matter is
stabilized by an unbroken discrete symmetry, and proton decay is simply evaded by kinematics. We will
illustrate this mechanism with a model that is unconstrained by dinucleon decay, does not require a high
reheat temperature, and would have unique experimental signals—a positive leptonic asymmetry in B
meson decays, a new decay of B mesons into a baryon and missing energy, and a new decay of b-flavored
baryons into mesons and missing energy. These three observables are testable at current and upcoming
collider experiments, allowing for a distinct probe of this mechanism.

DOI: 10.1103/PhysRevD.99.035031

I. INTRODUCTION

The Standard Model of particle physics (SM), while now
tested to great precision, leavesmany questions unanswered.
At the forefront of the remaining mysteries is the quest for
dark matter (DM), the gravitationally inferred but thus far
undetected component of matter which makes up roughly
26% of the energy budget of the Universe [1,2]. Many
models have been proposed to explain the nature of DM,
and various possible production mechanisms to generate
the DM relic abundance—measured to be ΩDMh2 ¼
0.1200" 0.0012 [2]—have been proposed. However,
experiments searching for DM have yet to shed light on
its nature.
Another outstanding question may be stated as follows:

why is the Universe filled with complex matter structures
when the standard model of cosmology predicts a universe
born with equal parts matter and antimatter? A dynamical

mechanism, baryogenesis, is required to generate the pri-
mordial matter-antimatter asymmetry: YB ≡ ðnB − nB̄Þ=s ¼
ð8.718" 0.004Þ × 10−11, inferred from measurements of
the cosmic microwave background (CMB) [1,2] and big
bang nucleosynthesis (BBN) [3,4]. A mechanism of baryo-
genesis must satisfy the three Sakharov conditions [5]:C and
CP violation (CPV), baryon number violation, and departure
from thermal equilibrium.
It is interesting to consider models and mechanisms that

simultaneously generate a baryon asymmetry and produce
the DM abundance in the early universe. For instance, in
models of asymmetric dark matter [6–11], DM carries a
conserved charge just as baryons do. Most models of
baryogenesis and/or DM production involve very massive
particles and high temperatures in the early universe,
making them impossible to test directly, and in conflict
with cosmologies requiring a low inflation or reheat-
ing scale.
In this work we present a new mechanism for baryo-

genesis and DM production that is unconstrained by
nucleon or dinucleon decay, accommodates a low reheating
scale TRH ∼Oð10 MeVÞ, and has distinctive experimental
signals.
We will consider a scenario where b quarks and

antiquarks are produced by late, out of thermal equilibrium,
decays of some heavy scalar field Φ (which can be, for
instance, the inflaton or a string modulus). The produced

*gelor@uw.edu
†miguel.escudero@kcl.ac.uk
‡aenelson@u.washington.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 99, 035031 (2019)

2470-0010=2019=99(3)=035031(18) 035031-1 Published by the American Physical Society

I got funding to visit her and so I did for a month in April 2018

My experience at the UW with her was incredibly illuminating.
She was the most brilliant physicist I have met to date, but also a very 
generous, inclusive, and friendly person.

We deeply miss her
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A sentence from her “Commentary: Diversity 
in physics: Are you part of the problem?” in 
Physics Today that I find very motivating: 

I often get asked, “Why are there so few women in physics?” That anyone would 
ask that question shows how oblivious many people are to the sexism and bias that 
permeate our society and physics culture. I may not be able to fully answer the 
question, but I can tell you why there are women like me in physics. Because we 
love math and nature. Because we like doing computations and figuring things out, 
step by systematic step. We love the flashes of insight and the excitement of 
revelations from new data. We revel in breathtaking moments of awe. And we had 
support, mentors, encouragement, opportunities, and colleagues who gave us a 
positive view of ourselves as physicists.

Ann E. Nelson (1958-2019)

https://physicstoday.scitation.org/doi/10.1063/PT.3.3536
https://physicstoday.scitation.org/doi/10.1063/PT.3.3536
https://physicstoday.scitation.org/doi/10.1063/PT.3.3536
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B-Mesogenesis Revisited

Miguel Escudero Abenza⇤

Some considerations

I. INTRODUCTION

Here we set up the calculation for q/p in the B-Meson
system. Following the notation used in the PDG we have:

|MLi / p |M0
↵
+ q |M̄0

↵
(1)

|MHi / p |M0
↵
� q |M̄0

↵
(2)

where the overall phase of the two systems is unphysical.
Diagonalization of the 2x2 Hamiltonian gives:

!H � !L = 2
q

(M?

12 � i�?

12/2)(M12 � i�12/2) (3)

(4)

where

�M ⌘ Re(!H � !L) (5)

�� ⌘ �2Im(!H � !L) (6)

Given this, by squaring !H � !L we can relate the two
quantities to |M12|, |�12| and the relative phase between
them �� � �M . Since in the B-meson system |�12| ⌧

|M12|, this allows an expansion over these parameters
which yields:

�M = 2|M12|

✓
1�

|�12|
2

8|M12|
2
sin2(�� � �M ) + ...

◆
(7)

�� = 2|�12| cos(�� � �M )

✓
1 +

|�12|
2

8|M12|
2
sin2(�� � �M ) + ...

◆

(8)

where the terms beyond the leading order one are very
small and can be neglected for all purposes.

In addition, by diagonalizing the Hamiltonian we know
that

✓
q

p

◆2

=
M?

12 � i�?

12/2

M12 � i�12/2
(9)

this can be also written as:
✓
q

p

◆
=

M?

12 � i�?

12/2
1
2 (!H � !L)

=
M?

12 � i�?

12/2
1
2 (�M � i��/2)

(10)

Finally, expanding over small �� or small �12 we find:
✓
q

p

◆
=

M?

12

|M12|

✓
1�

ASL

2

◆
(11)

⇤ miguel.escudero@cern.ch

where ASL ⌘ Im(�12/M12). This matches the formulae
in [1]. I did these calculations on 06-12-2023 and this
formulae should be very useful for further calculations
of B-Mesogenesis. It is important to highlight that this
explains why CP violation in the interference between
mixing and decay is controlled solely by the phase of
M12!!!

II. CALCULATION OF BARYONS PRODUCED
PER � DECAY

The aim of this section is to calculate the number of
baryons minus antibaryons per � decay.

In our scenario, this is precisely as a flavor specific
decay, in the sense that our decays are:

b̄ ! ud ! B !  X , (12)

b ! ūd̄ ̄ ! B̄ !  ̄X (13)

and the CP conjugate cannot happen. In this case, given
a number of � ! bb̄ decays we have the following number
of  final states as:

N( )

N(� ! bb̄)
= fuBR(B

+
!  X) (14)

+ f⇤bBR(⇤̄b

0
!  X)

+ fd�(B
0
d
!  X)

⇥
TIP(B0

d
(t) ! B0

d
) + TIP(B̄0

d
(t) ! B0

d
)
⇤

+ fs�(B
0
s
!  X)

⇥
TIP(B0

s
(t) ! B0

s
) + TIP(B̄0

s
(t) ! B0

s
)
⇤

where we have assumed that we have the same probabil-
ity of hadronizing particle and antiparticle pairs. Simi-
larly, the final state containing  ̄ reads:

N( ̄)

N(� ! bb̄)
= fuBR(B

�
! bar X) (15)

+ f⇤bBR(⇤b
0
!  ̄X)

+ fd�(B̄
0
d
!  ̄X)

⇥
TIP(B̄0

d
(t) ! B̄0

d
) + TIP(B0

d
(t) ! B̄0

d
)
⇤

+ fs�(B̄0
s
!  ̄X)

⇥
TIP(B̄0

s
(t) ! B̄0

s
) + TIP(B0

s
(t) ! B̄0

s
)
⇤

Further, by assuming that the lifetimes and the ex-
clusive decay rates of all the b-flavored hadrons are the
same, then we can write:

N( )�N( ̄)

N(� ! bb̄)
=

BR(b̄ !  X)

2
(16)

⇥
�
fd�b

⇥
TIP(B0

d
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d
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d
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) (17)
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+ fs�b
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s
)
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2

where here we have used the fact that fu+fd+fs+f�B =
1 and we have ignored the very small ��/� in both Bd

and Bs systems in the denominator.
The time evolution of the B-meson systems is the fol-

lowing:

|M0(t)i = g+(t) |M
0
↵
�

q

p
g�(t) |M̄

0
↵

(21)

|M̄0(t)
↵
= g+(t) |M̄

0
↵
�

p

q
g�(t) |M

0
↵

(22)

where

g±(t) =
1

2

✓
exp

✓
�
�Ht

2
� imHt

◆
± exp

✓
�
�Lt

2
� imLt

◆◆

(23)

Since the B-mesons decay fast, we integrate over this
evolution to find the time integrated probabilities as:

TIP(M0
! M0) =

Z 1

0
|g+(t)|

2dt (24)

TIP(M0
! M̄0) =

Z 1

0
|g�(t)|

2(1�ASL)dt (25)

TIP(M̄0
! M̄0) =

Z 1

0
|g+(t)|

2dt (26)

TIP(M̄0
! M0) =

Z 1

0
|g�(t)|

2(1 +ASL)dt (27)

where here we have expanded |p/q|2 as simplified by
Eq. (11). We then can calculate the relevant TIP combi-
nation to find:

TIP(M0(t) ! M0) + TIP(M̄0(t) ! M0) (28)

� TIP(M̄0(t) ! M̄0)� TIP(B0
d
(t) ! M̄0) (29)

= ASL
�
�
��2 + 4�M2

�

(4�2 ���2) (�2 +�M2)
(30)

=
ASL

�

1

1 + (�/�M)2
(31)

where in the last step we have expanded again over small
��, and where here � ⌘ (�H + �L)/2.

Finally, collecting everything, we find

N( )�N( ̄)

N(� ! bb̄)
=

fdAd

SL

2

1

1 + (�d/�Md)2
(32)

+
fsAs

SL

2

1

1 + (�s/�Ms)2

Experimentally, we have �Ms/�s = 27 and �Md/�d =
0.77 ' 1/

p
2 and this finally allows us to find:

N( )�N( ̄)

N(� ! bb̄)
'

fdAd

SL

6
+

fsAs

SL

2
(33)

Note that Eq. (32) is precisely what was found for me-
sion oscillations and in perfect agreement with the result
of Eq. 18 of [2].

ME: Make sure I understand that the fragmentation
fractions are what I think they are. Namely, the ones
at the production point not after oscillations. I do think
that this is the case given the description in [3] and [4].
I think I did, it is the abundance at the production time.
Not the decayed ones!
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Note that Eq. (32) is precisely what was found for me-
sion oscillations and in perfect agreement with the result
of Eq. 18 of [2].
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