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1) Baryogenesis and Dark Matter are linked 

2) Baryon asymmetry directly related to B-Meson observables

4) Fully testable at current collider experiments

B-Mesogenesis: Baryogenesis 
and Dark Matter from B Mesons

3) Leads to unique collider signatures
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1) B-Mesogenesis
1) C/CP violation
2) Out of equilibrium
3) Baryon number violation? 

2) A Minimal Model

3) Implications for Collider Experiments
1)  CP violation in B0 mesons 
2)  New decay mode of B mesons into DM and a Baryon

4) Summary and Outlook

-1) Dark Matter Phenomenology



B-Mesogenesis Planck 2021 29-06-2021Miguel Escudero (TUM)

Baryogenesis

7

The Three Sakharov Conditions (1967):

1) C and CP violation

2) Out of equilibrium

3) Baryon number violation



B-Mesogenesis Planck 2021 29-06-2021Miguel Escudero (TUM)

Baryogenesis from B Mesons

8

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

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

BSM?

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

14

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 =
���
�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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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)

14

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.

References

[1] K. Aitken, D. McKeen, T. Neder and A. E. Nelson, Baryogenesis from Oscillations of Charmed or

Beautiful Baryons, Phys. Rev. D96 (2017) 075009 [1708.01259].

[2] J. Bramante, K. Fukushima and J. Kumar, Constraints on bosonic dark matter from observation of old

neutron stars, Phys. Rev. D87 (2013) 055012 [1301.0036].

[3] T. Venumadhav, F.-Y. Cyr-Racine, K. N. Abazajian and C. M. Hirata, Sterile neutrino dark matter:

Weak interactions in the strong coupling epoch, Phys. Rev. D94 (2016) 043515 [1507.06655].

[4] L. Kawano, Let’s go: Early universe. 2. Primordial nucleosynthesis: The Computer way, .

[5] R. J. Scherrer and M. S. Turner, Primordial Nucleosynthesis with Decaying Particles. 1. Entropy

Producing Decays. 2. Inert Decays, Astrophys. J. 331 (1988) 19.

– 10 –

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

18

⌦
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 =
���
�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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CP violation in the neutral B-meson system 
The key quantity: the semileptonic asymmetry,

• Plenty of BSM models that can enlarge the asymmetries up to 10-3:  
SUSY, Extradim, LR, 2HDM, new generations, Leptoquarks, Z' models  
(see e.g. 1511.09466, 1402.1181).

Aq
SL = Im

✓
�q
12

Mq
12

◆
=

�(B
0
q ! B0

q ! f)� �(B0
q ! B

0
q ! f̄)

�(B
0
q ! B0

q ! f) + �(B0
q ! B

0
q ! f̄)

<latexit sha1_base64="pvsPKRvZQQehjg7dUEib/+Y+HZ8="></latexit>

small because 
(mb/mt)2  is smallStandard Model

Lenz & Tetlalmatzi-Xolocotzi
1912.07621

Ad
SL|SM = (�4.7± 0.4)⇥ 10�4

As
SL|SM = (2.1± 0.2)⇥ 10�5

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

Measurements World averages 
(HFLAV)

Ad
SL = (�2.1± 1.7)⇥ 10�3

As
SL = (�0.6± 2.8)⇥ 10�3

<latexit sha1_base64="zFG6VmB4Ewby2UYbWvzeruFkVbc="></latexit>

• The SM asymmetries are not too small, remember that ηB = (nB − nB̄)/nγ = 6 × 10−10
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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 TRH > 5MeV
de Salas et al. 1511.00672
Hasegawa et al. 1908.10189
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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)

<latexit sha1_base64="F/V4psdbHS4cfXh96Kvn31lVQJ8=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB40LArih5FD3oRIpgHZJcwO+mYwdnZZaZXDEtOXvwVLx4U8eo3ePNvnCR78FXQUFR1090VJlIYdN1PZ2JyanpmtjBXnF9YXFourazWTZxqDjUey1g3Q2ZACgU1FCihmWhgUSihEd6cDv3GLWgjYnWF/QSCiF0r0RWcoZXapY2Ltl/tCeoLRT1v13Ndf8dHuMPsDOqDdqnsVtwR6F/i5aRMclTbpQ+/E/M0AoVcMmNanptgkDGNgksYFP3UQML4DbuGlqWKRWCCbPTGgG5ZpUO7sbalkI7U7xMZi4zpR6HtjBj2zG9vKP7ntVLsHgWZUEmKoPh4UTeVFGM6zIR2hAaOsm8J41rYWynvMc042uSKNgTv98t/SX2v4h1U3Mv98vFJHkeBrJNNsk08ckiOyTmpkhrh5J48kmfy4jw4T86r8zZunXDymTXyA877F2hTlzA=</latexit>

M� 2 11� 100GeV
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Baryogenesis and DM from B Mesons

13

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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A Summary of the Mechanism

14

Baryogenesis

⌦DMh2 = 0.12YB = 8.7⇥ 10�11

Dark Matter
and

�

b

b̄

Out of equilibrium 
late time decay CP violating oscillations

B0
d B0

sB+

B� B̄0
sB̄0

d

B-mesons decay into 
Dark Matter and hadrons

Dark Matter

Baryon

(anti-Baryon)

B

⇤

 

Br (B !  + B +M)

<latexit sha1_base64="neziFXH4rj+jAhWlWDCqtXw8t7I=">AAACJnicbVDLSgNBEJz1bXytevQyGARFCLsSUA+CxIsXIYKJgewSZie9yeDsg5leMSz5Gi/+ihcPERFvfoqTB6LRgoGiqprpriCVQqPjfFgzs3PzC4tLy4WV1bX1DXtzq66TTHGo8UQmqhEwDVLEUEOBEhqpAhYFEm6Du4uhf3sPSoskvsFeCn7EOrEIBWdopJZ95iE8YF5RfepJCHGfVqiHCfVSLegh9SKGXc5kXukffvMrk1Wi08WDll10Ss4I9C9xJ6RIJqi27IHXTngWQYxcMq2brpOinzOFgkvoF7xMQ8r4HetA09CYRaD9fHRmn+4ZpU3DRJkXIx2pPydyFmndiwKTHK6qp72h+J/XzDA88XMRpxlCzMcfhZmkpodhZ7QtFHCUPUMYV8LsSnmXKcbRNFswJbjTJ/8l9aOSWy6dXpeL55VJHUtkh+ySfeKSY3JOLkmV1Agnj+SZDMir9WS9WG/W+zg6Y01mtskvWJ9fKVulAg==</latexit>

TR ⇠ 15MeV

<latexit sha1_base64="J8LRqHVFC3Qjbgoq2U/f1+E13Kk=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEIHiTMSES9Bb14EaJkg0wIPZ1K0qRnobtGDMNc/BUvHhTx6md482/sLAdNfFDweK+KqnpeJIVG2/62FhaXlldWM2vZ9Y3Nre3czm5Nh7HiUOWhDFXDYxqkCKCKAiU0IgXM9yTUvcH1yK8/gNIiDCo4jKDls14guoIzNFI7t19p31NXC586Z+6Ji/CIyS3U0nYubxfsMeg8caYkT6Yot3NfbifksQ8Bcsm0bjp2hK2EKRRcQpp1Yw0R4wPWg6ahAfNBt5LxAyk9MkqHdkNlKkA6Vn9PJMzXeuh7ptNn2Nez3kj8z2vG2L1oJSKIYoSATxZ1Y0kxpKM0aEco4CiHhjCuhLmV8j5TjKPJLGtCcGZfnie104JTLFzeFfOlq2kcGXJADskxccg5KZEbUiZVwklKnskrebOerBfr3fqYtC5Y05k98gfW5w9ChJWW</latexit>

Ad
SL

<latexit sha1_base64="pQKFDwpgZL5nXlJtOOyKMf/Ap38=">AAAB+XicbVC7SgNBFJ2Nrxhfq5Y2Q4KQKuyKEO2iNhYWEc0DknWZnZ0kQ2Zml5nZQFjyJdpYKGLrV9jaiX6Mk0ehiQcuHM65l3vvCWJGlXacTyuztLyyupZdz21sbm3v2Lt7dRUlEpMajlgkmwFShFFBappqRpqxJIgHjDSC/sXYbwyIVDQSt3oYE4+jrqAdipE2km/b0ODMT9uSw5ur0V3o2wWn5EwAF4k7I4VKvvj9VX6/r/r2RzuMcMKJ0JghpVquE2svRVJTzMgo104UiRHuoy5pGSoQJ8pLJ5eP4KFRQtiJpCmh4UT9PZEirtSQB6aTI91T895Y/M9rJbpz4qVUxIkmAk8XdRIGdQTHMcCQSoI1GxqCsKTmVoh7SCKsTVg5E4I7//IiqR+V3OPS6bVJ4xxMkQUHIA+KwAVlUAGXoApqAIMBeABP4NlKrUfrxXqdtmas2cw++APr7Qd0DJYD</latexit>

As
SL

<latexit sha1_base64="IwfEMSIr/nMLl8C6w+VywIsDlyI=">AAAB+XicbVC7SgNBFJ2Nrxhfq5Y2Q4KQKuyKEO2iNhYWEc0DknWZncwmQ2Zml5nZQFjyJdpYKGLrV9jaiX6Mk0ehiQcuHM65l3vvCWJGlXacTyuztLyyupZdz21sbm3v2Lt7dRUlEpMajlgkmwFShFFBappqRpqxJIgHjDSC/sXYbwyIVDQSt3oYE4+jrqAhxUgbybdtaHDmp23J4c3V6E75dsEpORPAReLOSKGSL35/ld/vq7790e5EOOFEaMyQUi3XibWXIqkpZmSUayeKxAj3UZe0DBWIE+Wlk8tH8NAoHRhG0pTQcKL+nkgRV2rIA9PJke6peW8s/ue1Eh2eeCkVcaKJwNNFYcKgjuA4BtihkmDNhoYgLKm5FeIekghrE1bOhODOv7xI6kcl97h0em3SOAdTZMEByIMicEEZVMAlqIIawGAAHsATeLZS69F6sV6nrRlrNrMP/sB6+wGKyJYS</latexit>

With: 
<latexit sha1_base64="V+nAsNah43mJGIA9PrC8euKF7BE="></latexit>

YB ' 8.7⇥ 10�11 Br(B !  + B +M)

10�3

X

q

↵q
Aq

SL

10�3
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New B-Meson decay
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⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

Dark Matter

Baryon

(anti Baryon)

Y: Colored Triplet Scalar

SM Singlets

L � � yub Y
⇤ ū bc � y s Y  ̄ sc + h.c

(4-jet/squark)

Y ⇠ (3, 1,�1/3)

Br (B !  + Baryon +M) ' 10�3

✓
mB �m 

2GeV

◆4 ✓1.6TeV

MY

p
yuby s
0.6

◆4

<latexit sha1_base64="ZXlQ5Tn94niZinhev6HnlqNmJsQ="></latexit>

MY > 1.2TeV

<latexit sha1_base64="gZ1th97aPb1QyS5GqZjDBpT3sLo=">AAACFXicbVDLSgNBEJz1GdfXqnjyMhgEDxJ2RVAvEvTiRVAwD8kuYXbSSQZnH8z0imHJd3j2qt/gTbx69hP8CyePQzQWNBRV3XRRYSqFRtf9smZm5+YXFgtL9vLK6tq6s7FZ1UmmOFR4IhNVD5kGKWKooEAJ9VQBi0IJtfD+YuDXHkBpkcS32EshiFgnFm3BGRqp6WxfNe/oGfVKh/6Bj/CI+S1U+02n6JbcIeg08cakSMa4bj rffivhWQQxcsm0bnhuikHOFAouoW/7mYaU8XvWgYahMYtAB/kwfp/uGaVF24kyEyMdqpMXOYu07kWh2YwYdvVfbyD+5zUybJ8EuYjTDCHmo0ftTFJM6KAL2hIKOMqeIYwrYbJS3mWKcTSN2XuTbx5HWW3bNt14f5uYJtXDkndUOr05KpbPxy0VyA7ZJfvEI8ekTC7JNakQTnLyTF7Iq/VkvVnv1sdodcYa32yRX7A+fwByg50e</latexit>

<latexit sha1_base64="GzfeTsidciSFfEpdCIhArQaYdv8=">AAACJnicbVBNSwMxFMzWr1q/Vj16CRbBQym7xaIXoehBjwq2Ct1SsumrDSa7S/JWWpb+Gi/+FS8eFBFv/hTTWkRbBwLDzDxe3oSJFAY978PJzc0vLC7llwsrq2vrG+7mVsPEqeZQ57GM9U3IDEgRQR0FSrhJNDAVSrgO705H/vU9aCPi6AoHCbQUu41EV3CGVmq7x35QChD6mJ1BYxhIMMYIRVU7C5KeCEqloC+G9EevlKu/82236JW9Megs8SekSCa4aLsvQSfmqYIIuWTGNH0vwVbGNAouYVgIUgMJ43fsFpqWRkyBaWXjM4d0zyod2o21fRHSsfp7ImPKmIEKbVIx7JlpbyT+5zVT7B61MhElKULEvxd1U0kxpqPOaEdo4CgHljCuhf0r5T2mGUfbbMGW4E+fPEsalbJfLXuXB8XayaSOPNkhu2Sf+OSQ1Mg5uSB1wskDeSIv5NV5dJ6dN+f9O5pzJjPb5A+czy8WvKWH</latexit>

1GeV . m� ,⇠ . 2.5GeV

<latexit sha1_base64="RNVfq+z94uFCJk5ZIRrh1iJ1ZTY=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYCu4KjMF0WXRjcsK9oHtWDJppg1NMkOSUcrQ/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63s7K6tr6xWdgqbu/s7u2XDg5bOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj68xvP1KlWSTvzCSmvsBDyUJGsLHSQ6UnsBkFQXo/7dcq/VLZrbozoGXi5aQMORr90ldvEJFEUGkIx1p3PTc2foqVYYTTabGXaBpjMsZD2rVUYkG1n85ST9GpVQYojJR90qCZ+nsjxULriQjsZBZSL3qZ+J/XTUx46adMxomhkswPhQlHJkJZBWjAFCWGTyzBRDGbFZERVpgYW1TRluAtfnmZtGpV77zq3tbK9au8jgIcwwmcgQcXUIcbaEATCCh4hld4c56cF+fd+ZiPrjj5zhH8gfP5A7Y3kf0=</latexit>Z2(       symmetry)



B-Mesogenesis Planck 2021 29-06-2021Miguel Escudero (TUM)

The Boltzmann Equations
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Universe's Evolution

dn�

dt
+ 3Hn� = ���n�

d⇢rad

dt
+ 4H⇢rad = ��m�n�

H
2 ⌘

✓
1

a

da

dt

◆2

=
8⇡

3m2
Pl

(⇢rad +m�n�)

Late time Decay
and 

Radiation

• We take into account the decoherence of the B0 system in the early Universe. 

• Baryon asymmetry directly related to the CP violation in the B0 system and 
to the new decay of B mesons to a visible Baryon and missing energy.

DM evolution
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+ 3Hn⇠ = �h�vi⇠ (n2

⇠ � n
2
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q
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0
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q
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�B
� = �� ⇥ Br (B !  + Baryon +M)

<latexit sha1_base64="4JO4Pjl1vHtUx5HFMZHnUrXwMtg="></latexit>

Baryon asymmetry: nB
dt
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b̄ ! B

0
q

�
f
q
deco A

q
SL Br (B !  + Baryon +M)

<latexit sha1_base64="SxSCg5TtbYxZW1R4DX3ZYYEx56A="></latexit>

nB = n� � n�?

<latexit sha1_base64="dKEClHZyEM3nzZSrZYh/rvueY1s="></latexit>
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Collider Signatures
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2) New B Meson decay into ME and a Baryon

1) CP violation in B Meson decays

3) New TeV colored scalar
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Parameter Space 

18

Measured ASL imply: Br (B !  + Baryon +M) & 10�4

<latexit sha1_base64="hRmlemyh0YKAwGfJpClQ7lcZbsE="></latexit>

LHCb, D0, BaBar, Belle

Baryogenesis with 
only SM CP violation?

Disfavored by LEP 
constraints
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Implications for Collider Experiments
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2) New Decay mode of B mesons into ME and a Baryon

1) CP violation in neutral B mesons

3) New TeV colored triplet scalar

<latexit sha1_base64="57s/5LskuOiUhPFStIlwdDJhykY=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgRRQ8egl68CBGySRKGnk5N0qRnobtGjEPwV7x4UMSr/+HNv7GzHDTxQcHjvSqq6nmxFBpt+9uam19YXFrOrGRX19Y3NnNb21UdJYpDhUcyUnWPaZAihAoKlFCPFbDAk1DzeldDv3YPSosoLGM/hlbAOqHwBWdoJDe3e+Pe0Qvq2M2jJsIDpmWoDtxc3i7YI9BZ4kxInkxQcnNfzXbEkwBC5JJp3XDsGFspUyi4hEG2mWiIGe+xDjQMDVkAupWOrh/QA6O0qR8pUyHSkfp7ImWB1v3AM50Bw66e9obif14jQf+8lYowThBCPl7kJ5JiRIdR0LZQwFH2DWFcCXMr5V2mGEcTWNaE4Ey/PEuqxwXntGDfnuSLl5M4MmSP7JND4pAzUiTXpEQqhJNH8kxeyZv1ZL1Y79bHuHXOmszskD+wPn8AlP6UCQ==</latexit>

MY < 10TeV

<latexit sha1_base64="iZ77X3QSUGA0q8GRd5eIXuct+nw="></latexit>

Br (B !  + Baryon +M) & 10�4

<latexit sha1_base64="WkTcOXUaG0x19J694/E3VAQeKIg=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3FgSqehKqm5cuKhoH9CmYTKdtENnkjgzEUrMwl9x40IRt/6GO//GaZuFth64cDjnXu69x4sYlcqyvo3c3PzC4lJ+ubCyura+YW5u1WUYC0xqOGShaHpIEkYDUlNUMdKMBEHcY6ThDS5HfuOBCEnD4E4NI+Jw1AuoTzFSWnLNnXM3aQsOb6/Tzj08g7bVSQ7LqWsWrZI1BpwldkaKIEPVNb/a3RDHnAQKMyRly7Yi5SRIKIoZSQvtWJII4QHqkZamAeJEOsn4/hTua6UL/VDoChQcq78nEsSlHHJPd3Kk+nLaG4n/ea1Y+adOQoMoViTAk0V+zKAK4SgM2KWCYMWGmiAsqL4V4j4SCCsdWUGHYE+/PEvqRyX7uGTdlIuViyyOPNgFe+AA2OAEVMAVqIIawOARPINX8GY8GS/Gu/Exac0Z2cw2+APj8weOjpSC</latexit>

Aq
SL > 10�4
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A close look at the new decays
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1) Parton level decay:

3) Parameter space is: <latexit sha1_base64="kSY92Dosnohxgl2VtnK/Ac+z/kE=">AAACFHicbVDJSgNBEO1xN25Rj14agyAow4xGVMgh6EGPEcwCmRB6OpXY2LPQXSOGIR/hxV/x4kERrx68+Td2loNJfFDweK+Kqnp+LIVGx/mxZmbn5hcWl5YzK6tr6xvZza2KjhLFocwjGamazzRIEUIZBUqoxQpY4Euo+veXfb/6AEqLKLzFbgyNgHVC0RacoZGa2QPq2Od579BDeMT0Ciq9QtD0Yi1ogebt4zGnmc05tjMAnSbuiOTICKVm9ttrRTwJIEQumdZ114mxkTKFgkvoZbxEQ8z4PetA3dCQBaAb6eCpHt0zSou2I2UqRDpQ/06kLNC6G/imM2B4pye9vvifV0+wfdZIRRgnCCEfLmonkmJE+wnRllDAUXYNYVwJcyvld0wxjibHjAnBnXx5mlSObPfEdm7yueLFKI4lskN2yT5xySkpkmtSImXCyRN5IW/k3Xq2Xq0P63PYOmONZrbJGKyvX08VnIM=</latexit>

0.94GeV < m < 4.34GeV
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2) It is a 2-Body decay 
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5) Baryogenesis only cares about Br
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b̄ !  ud
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<latexit sha1_base64="MsSHiHhkVY+hkSEVD5iJnm1sz+M="></latexit>

(Inclusive)

4) 4 Flavourful variations exist: 

Bd !  + ⇤ (usd)
Bs !  + ⌅0 (uss)
B+ !  + ⌃+ (uus)
⇤b !  ̄ +K0

Bd !  + ⌅0
c (csd)

Bs !  + ⌦c (css)
B+ !  + ⌅+

c (csu)
⇤b !  ̄ +D� +K+

 b u s  b c s

(All work equally well for Baryogenesis)

Bd !  + n (udd)
Bs !  + ⇤ (uds)
B+ !  + p (duu)
⇤b !  ̄ + ⇡0

 b u d
Bd !  + ⇤c + ⇡� (cdd)
Bs !  + ⌅0

c (cds)
B+ !  + ⇤c (dcu)
⇤b !  ̄ +D

0

 b c d
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Any room for a new decay mode?
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Targeted decay modes are very constrained/well measured:

B-Factories

LHC

But our decay mode has not been targeted!
B !  + Baryon +M

<latexit sha1_base64="2EqEQljsq4F4nrn/cjepUvJoakQ=">AAACEHicbZDLSgMxFIYz9VbrbdSlIsEiCoUyI4K6K3XjRmjBXqBTSiZN29BMMiQZsQxdunTjq7jpQhG3Lt35DL6EmbYLbf0h8PGfc8g5vx8yqrTjfFmphcWl5ZX0amZtfWNzy97eqSoRSUwqWDAh6z5ShFFOKppqRuqhJCjwGan5/aukXrsjUlHBb/UgJM0AdTntUIy0sVr2cRF6WkAvVBTmDJJ7HReRHAg+hDkvQLqHEYtvhi076+SdseA8uFPIFvZH5e+Hg1GpZX96bYGjgHCNGVKq4TqhbsZIaooZGWa8SJEQ4T7qkoZBjgKimvH4oCE8Mk4bdoQ0j2s4dn9PxChQahD4pjNZUc3WEvO/WiPSnYtmTHkYacLx5KNOxKCJIEkHtqkkWLOBAYQlNbtC3EMSYW0yzJgQ3NmT56F6mnfP8pdlk0YRTJQGe+AQnAAXnIMCuAYlUAEYPIJn8AJerSdrZL1Z75PWlDWd2QV/ZH38AH+QoAI=</latexit>

There is no available search for B mesons decaying into a Baryon, 
missing energy and any number of mesons

Br(B+ → K+ν̄ν) < 10−5

Br(B0
s → μ+μ−) = (2.8 ± 0.3) × 10−9
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Constraints on these decays

22

Ways to constrain these new decay modes:

2) Direct exclusive searches at B factories

sensitivity should be Br(B → ψ + Baryon) ∼ 10−6 − 10−5

given that Br(B → Kν̄ν) ∼ 10−6 − 10−5

There are ongoing searches at BaBar, Belle and Belle-II Echenard et al. 
Strube et al. (results in July)

6) Indirectly at ATLAS and CMS  by constraining the mediator that should be M < 10 TeV

5) At ALEPH! Inclusive search for missing energy in b decays hep-ex/0010022

<latexit sha1_base64="4I/UK9Oo2D/0bmQfyxVyLzOZGRU="></latexit>

Br (B !  + Baryon +M) . 4⇥ 10�3

0) Total width of B mesons: Br (B !  + Baryon +M) . 40%

<latexit sha1_base64="34i6fUxCbkw6BI351CUStRot8hg="></latexit>

Lenz et al. 1305.5390 

Br (B !  + Baryon +M) . 10%

<latexit sha1_base64="QCnVTJwDK5qzaqoHvYeMxdwan+A="></latexit>

1) Inclusive measurements 
involving Baryons (ARGUS, CLEO & BaBar) Br(B → p/p̄ + anything) = 8.0 ± 0.4 %

3) Searches for resonances at LHCb   Cid Vidal et al. 2106.12870 Br ∼ 10−7 − 10−5

4) Searches for b-flavor baryon decays LHCb  Cid Vidal et al. 2106.12870Br ∼ 10−5

https://arxiv.org/abs/2106.12870
https://arxiv.org/abs/2106.12870
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Inclusive Searches
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ALEPH
Our Referee has pointed out that ALEPH performed a generic search on b-hadron 
decays with large missing energy. Used to constrain  and  decays. 
see Grossman, Ligeti and Nardi hep-ph/9510378

B → τν b → sν̄ν
The missing-energy distribution of the events selected as described in Section 3.3 is

displayed in Fig. 6, and is compared to that of the background. Also indicated in Fig. 6
is the expected enhancement at large missing energy, should either the B− → τ−ν̄τ or the
b → sνν̄ branching ratio be 1%.

Emiss (GeV)

En
tr

ie
s/

G
eV Data

b → τνX
b,c → lνX
Background
B- → τ- ντ
b→Xsνν

ALEPH

Figure 6: Missing-energy distributions in the B− → τ−ν̄τ and b → sνν̄ final state selection, for the data
(dots) and for the simulated background (full histogram). Also indicated are the contributions of the
B− → τ−ν̄τ (dashed histogram) and b → sνν̄ (dotted histogram) processes with a branching ratio of 1%.
The arrow shows the region in which the two limits are calculated.

No background subtraction was performed, making the validity of the results presented
here unaffected by possible systematic uncertainties related to the knowledge of the resi-
dual background, largely suppressed by a lower cut on the missing energy at 35GeV. The
latter cut was optimized so as to maximize the expected 90% C.L. upper limit, evaluated
with simple event counting and in the absence of new physics [30], on the B− → τ−ν̄τ
and b → sνν̄ branching ratios. The numbers of events, observed in the data and expected
from background and signal, are displayed in Table 5 in three missing-energy intervals.
Two events with a missing energy in excess of 35GeV were observed, with 2.5±1.6 events
expected from all background processes. In absence of any systematic uncertainty, the
90% C.L. upper limits on the B− → τ−ν̄τ and b → sνν̄ branching fractions are found to
be 8.1× 10−4 and 6.2× 10−4, respectively.

However, these limits are affected by the uncertainty on the expected fraction of
B− → τ−ν̄τ and b → sνν̄ events with such a large missing energy or, almost equivalently,
with such a large value of xb. (Most of these events are characterized by a value of xb

in excess of 0.9.) This fraction was determined [31] to be 0.146+0.025
−0.021, which translates

16

hep-ex/0010022 Our recast shows that:
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ALEPH Constraints

24

𝒪cs

In fact, the  bound originally derived by Grossman, Ligeti and Nardi hep-ph/9510378, 
was later relaxed by a factor of 3 due to these effects! (see erratum of hep-ph/9510378)

b → sν̄ν

Large missing energy at LEP from b decays

Theoretical Uncertainty 

Important 
Uncertainty: 

The missing energy spectrum in  decays  
We have calculated the missing energy spectrum at the parton level and without QCD 
corrections. A proper calculation including QCD corrections and the b momentum in 
the B meson would likely relax the constraints by a significant factor

b̄ → ψud



B-Mesogenesis Planck 2021 29-06-2021Miguel Escudero (TUM)

Parameter Space
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𝒪cs

Another possibility: 

Large missing energy at LEP from b decays

Theoretical Uncertainty 

One can constrain exclusive 2-body decays,  to the 
 level without theoretical uncertainties 😃

B → ψ ℬ
Br ∼ 10−4

The problem is then that Baryogenesis only cares about 
 and one expects many mesons in the final stateb̄ → ψud

Br(B0 → pp̄K+π−)
Br(B0 → pp̄)

≃ 500for instance, we know that:
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Parameter Space
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𝒪cd 𝒪cs

𝒪ud 𝒪us

Theoretical Uncertainty 
Theoretical Uncertainty 

Theoretical Uncertainty 
Theoretical Uncertainty 
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New Force Carrier

27

Y: Colored Triplet Scalar

Y ⇠ (3, 1,�1/3)

Same Quantum Numbers 
as a SUSY squark!

b̄ ! us 

b̄

Y

u

s

 

Br (B !  + Baryon +M) ' 10�3

✓
mB �m 

2GeV

◆4 ✓1.6TeV

MY

p
yuby s
0.6

◆4

<latexit sha1_base64="ZXlQ5Tn94niZinhev6HnlqNmJsQ="></latexit>

<latexit sha1_base64="57s/5LskuOiUhPFStIlwdDJhykY=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgRRQ8egl68CBGySRKGnk5N0qRnobtGjEPwV7x4UMSr/+HNv7GzHDTxQcHjvSqq6nmxFBpt+9uam19YXFrOrGRX19Y3NnNb21UdJYpDhUcyUnWPaZAihAoKlFCPFbDAk1DzeldDv3YPSosoLGM/hlbAOqHwBWdoJDe3e+Pe0Qvq2M2jJsIDpmWoDtxc3i7YI9BZ4kxInkxQcnNfzXbEkwBC5JJp3XDsGFspUyi4hEG2mWiIGe+xDjQMDVkAupWOrh/QA6O0qR8pUyHSkfp7ImWB1v3AM50Bw66e9obif14jQf+8lYowThBCPl7kJ5JiRIdR0LZQwFH2DWFcCXMr5V2mGEcTWNaE4Ey/PEuqxwXntGDfnuSLl5M4MmSP7JND4pAzUiTXpEQqhJNH8kxeyZv1ZL1Y79bHuHXOmszskD+wPn8AlP6UCQ==</latexit>

MY < 10TeVPerturbativity requires:

<latexit sha1_base64="43qAgRk78JRDYSBie9Dq9U67dZY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahQqlJq+ix6MVjBfshbSib7bZdupuE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzz484U9pxvq3M2vrG5lZ2O7ezu7d/YB8eNVQYS0LrJOShbPlYUc4CWtdMc9qKJMXC57Tpj+5mfnNMpWJh8KgnEfUEHgSszwjWRura9hPqKCZQoVJ0i+WLynnXzjslZw60StyU5CFFrWt/dXohiQUNNOFYqbbrRNpLsNSMcDrNdWJFI0xGeEDbhgZYUOUl88un6MwoPdQPpalAo7n6eyLBQqmJ8E2nwHqolr2Z+J/XjnX/xktYEMWaBmSxqB9zpEM0iwH1mKRE84khmEhmbkVkiCUm2oSVMyG4yy+vkka55F6VnIfLfPU2jSMLJ3AKBXDhGqpwDzWoA4ExPMMrvFmJ9WK9Wx+L1oyVzhzDH1ifP9OGkS4=</latexit>

Y ⇠ (3, 1, 2/3)
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Squark Searches
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Production Decay ConstraintSignature
Yg

g Y ⇤

Y

q0

q̄

4 jets MY > 0.5 TeV
1710.07171 (ATLAS)

Yg

g Y ⇤

Y

q

 

2 jets+ME MY > 1.2 TeV
1908.04722 (CMS)
2010.14293 (ATLAS)

Y

q

q0

2 jets

Monojet
1711.03301 (ATLAS)
MY > 1-7 TeV

Y

q0,

q̄,

 

q
MY > 1-7 TeV
1806.00843 (CMS)

Bounds depend upon combinations of   yqq′ × yqψ

We have recasted results from dijet and jet+MET searches
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Squark Searches
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10 °4
10 °3

10 °2

10°2 10°1 100

y√u

10°2

10°1

100
y s

b

°Y /MY < 0.1

ysb, MY = 3 TeV

Br(B ! B √ M)

dijet

jet+MET Narrow width

Baryogenesis 
and DM

Dijet Jet+MET 2020

Jet+MET 
high lumi LHC

LHC 2020: 
<latexit sha1_base64="M23ApaYfvWFmr9lHBAup+XQJ1Vg="></latexit>

Br (B !  + Baryon +M) . 0.1

ATLAS & CMS have a great potential to detect the Y particle



B-Mesogenesis Planck 2021 29-06-2021Miguel Escudero (TUM)

Parameter Space
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𝒪ud 𝒪us

𝒪cd 𝒪cs

Theoretical Uncertainty 
Theoretical Uncertainty 

Theoretical Uncertainty 
Theoretical Uncertainty 

LHC constraints are key to constrain the high mass region
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The B-Mesogenesis Parameter Space
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CP violation

Signatures

New b decays

High pT jets 
and missing 
energyBaBar/Belle 

Belle-II & LHCb

ATLAS & CMS

Belle-II

Arrows indicate 
projections for 2025

LHCb

LHCb

Conclusion: B-Mesogenesis will be tested within 4 years!
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Summary
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Baryogenesis and Dark Matter from B Mesons:

• Baryon number is conserved and hence Dark Matter is anti-Baryonic
• Which actually relates the CP violation in the B0 system to Baryogenesis

We expect the mechanism to be testable at current collider experiments!

B-factories should test this scenario given the constraints on other missing energy channels:
Ongoing search for these processes at BaBar/Belle and Belle-II!

<latexit sha1_base64="9CPNojwu66ux6rdw7F/u80o/V8s=">AAACHnicbVDLSgMxFM3UV62vqks3wSLURcuMWHVZ6kZwU8E+oFNLJk3b0ExmSO6IZZgvceOvuHGhiOBK/8b0sdDWA8k9nHMvyT1eKLgG2/62UkvLK6tr6fXMxubW9k52d6+ug0hRVqOBCFTTI5oJLlkNOAjWDBUjvidYwxtejv3GPVOaB/IWRiFr+6QveY9TAkbqZEsusAeIKyrJV7ALAb7GrkdU7MooweY6xq7mPnbsu7hwlhQmtZR0sjm7aE+AF4kzIzk0Q7WT/XS7AY18JoEKonXLsUNox0QBp4IlGTfSLCR0SPqsZagkPtPteLJego+M0sW9QJkjAU/U3xMx8bUe+Z7p9AkM9Lw3Fv/zWhH0Ltoxl2EETNLpQ71IYBPDOCvc5YpRECNDCFXc/BXTAVGEgkk0Y0Jw5ldeJPWTolMq2jenuXJlFkcaHaBDlEcOOkdldIWqqIYoekTP6BW9WU/Wi/VufUxbU9ZsZh/9gfX1A/OEoHc=</latexit>

Br(B ! K⌫̄⌫) ⇠ 10�6 � 10�5

Distinct experimental signatures:
• Positive leptonic asymmetry in B meson decays

• Neutral and charged B mesons decay into baryons and missing energy
<latexit sha1_base64="iZ77X3QSUGA0q8GRd5eIXuct+nw="></latexit>

Br (B !  + Baryon +M) & 10�4
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Aq
SL > 10�4
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Outlook
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•Are the flavor anomalies (b → sμ+μ-) in B-decays related to our 
required positive semileptonic asymmetry?

Theory

•Are there other possibilities for the dark sector?

•What kind of UV theory contains our required heavy colored 
scalar plus our dark matter particles at the GeV scale?

E.g.: SUSY, 1907.10612 Alonso-Álvarez, Elor, Nelson, Xiao
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Outlook
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•New b decays

Improved QCD and Flavor Predictions 

It is very important to relate                        to  b̄ !  ud
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B !  + Baryon

<latexit sha1_base64="cIKQda3lhu063AyuEVFsnzyJvbI="></latexit>

•How well will BaBar/Belle/Belle-II/LHCb constrain or measure?

Experiment

Br (B !  + Baryon)
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• This scenario can alter  via new  decaysΓq
12 b → ψ ψ̄d

•Also b-flavored baryon decays e.g.   , Λb → ψ̄ + D0 Λb → ξ + ϕ⋆

We performed a rather rough phase space calculation
A QCD sum rule or Lattice calculation would be very valuable

(Inclusive) (Exclusive)

A precision calculation of the missing energy spectrum would be useful too
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The B-Mesogenesis Team
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Thank You!
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