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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
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and Dark Matter from B Mesons

3) Leads to unique collider signatures
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Precision Cosmology
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5 %

26 %

69 %

Dark Energy
Dark Matter

Baryonic Matter
Planck 2018 1807.06209 ⌦bh

2 = 0.02237(15)

⌦cdmh
2 = 0.1200(12)

⌦⇤ = 0.6847(73)
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Theoretical Understanding?
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Motivating Question:

What fraction of the Energy Density of the Universe  
comes from Physics Beyond the Standard Model?

99.85%!
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60 %

40 %

Standard Model Prediction:

5

Photons

Neutrinos

We should be living in a Radiation Dominated Universe!
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Theoretical Understanding?
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Dark Energy Current data is consistent with a Cosmological constant

Many candidates: WIMPS, Axions, Sterile Neutrinos ...Dark Matter
Existing experimental constraints on the various possibilities

The CMB anisotropies clearly motivate a particle description

Baryons
Small number of Baryons per photon point towards a 
primordial asymmetry: 

CMB & BBN

We observe a Universe with only matter and no antimatter 

nB

nγ
= nB − nB̄

nγ
= 6 × 10−10
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Outline
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1) B-Mesogenesis
1) C/CP violation
2) Out of equilibrium
3) Baryon number violation? 

2) A Minimal Model & Cosmology

3) Implications for Collider Experiments

4) Dark Matter Phenomenology

5) Summary and Outlook
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Baryogenesis
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The Three Sakharov Conditions (1967):

1) C and CP violation

2) Out of equilibrium

3) Baryon number violation
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Baryogenesis from B Mesons
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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

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].

B
__
Bu,c,t u,c,t

W

W

+

-

b

q

q

b

____

q q B
__
B

u,c,t

u,c,t

W W+ -
b

q

q

b

____

q q

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

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
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|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)
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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
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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
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dt
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|Bq(t)i
|B̄q(t)i

�
=

✓
Mq + i

�q

2
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�
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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,

• 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>
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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

14

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

15

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: YB ' 8.7⇥ 10�11 Br(B !  + B +M)

10�2

X

q

↵q
Aq

SL

10�4

<latexit sha1_base64="kDRvtt3U4Srq3u5tlkyarMGaaSg="></latexit>
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New B-Meson decay

16

⇠

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
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The Boltzmann Equations

17

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

dn⇠

dt
+ 3Hn⇠ = �h�vi⇠ (n2

⇠ � n
2
eq,⇠) + 2�B

� n�

dn�

dt
+ 3Hn� = �h�vi�(n�n�? � neq,�neq,�?) + �B

� n� ⇥ [1 +
X

q

A
q
`` Br(b̄ ! B

0
q ) f

q
deco]

dn�?

dt
+ 3Hn�? = �h�vi�(n�n�? � neq,�neq,�?) + �B

� n� ⇥ [1�
X

q

A
q
`` Br(b̄ ! B

0
q ) f

q
deco]

�B
� = �� ⇥ Br (B !  + Baryon +M)

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

Baryon asymmetry: nB
dt

+ 3HnB = 2��n�

X

q

Br
�
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

18

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 

19

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

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

LHCb, D0, BaBar, Belle
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Parameter Space 

20

Global fits suggest Br (B !  + Baryon +M) & 10�3

<latexit sha1_base64="kyu3ZoQ13Vb8LwQLFR2j7Z1o/OM="></latexit>

Baryogenesis with 
only SM CP violation!
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Implications for Collider Experiments

21

1) New Decay mode of the B meson into ME and a Baryon

2) CP violation in neutral B mesons

Aq
SL > 10�5

<latexit sha1_base64="irLJoqnz9xnYbMiR9kxpz32QAYI=">AAACAXicbVC7SgNBFJ1NfMT4WrURbAZDwMawK4raSNTGwiKieUCyWWYns8mQ2Yczs0JY1kb8E0EsFLH1L+zE0h9x8ig08cCFwzn3cu89TsiokIbxqaXSU9Mzs5m57PzC4tKyvrJaEUHEMSnjgAW85iBBGPVJWVLJSC3kBHkOI1Wne9r3qzeECxr4V7IXEstDbZ+6FCOpJFtfP7bjBvfg5XnSjK8TeARNoxlv7yW2njMKxgBwkpgjkivm79Pm9+NXydY/Gq0ARx7xJWZIiLpphNKKEZcUM5JkG5EgIcJd1CZ1RX3kEWHFgw8SmFdKC7oBV+VLOFB/T8TIE6LnOarTQ7Ijxr2++J9Xj6R7YMXUDyNJfDxc5EYMygD244AtygmWrKcIwpyqWyHuII6wVKFlVQjm+MuTpLJTMHcLhxcqjRMwRAZsgE2wBUywD4rgDJRAGWBwCx7AM3jR7rQn7VV7G7amtNHMGvgD7f0HHL+ZFg==</latexit>

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
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Any room for a new decay mode?

22

Targeted decay modes are very constrained/well measured:
Br(B+ ! K+⌫̄⌫) < 10�5

Br(B0
s ! µ+µ�) = (2.7± 0.6)⇥ 10�9

B-Factories
LHC

Measurement:

Most stringent current constraint:

Br (B ! p/p̄+ anything) = (8.0± 0.4)%

<latexit sha1_base64="x+P3PVKCX1lfZ2OFj25g1+PFgbk="></latexit>

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

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

What about the total width of B-Mesons?
Theory: �b

SM/�b
exp = 0.86± 0.19 Lenz et al. 1305.5390 

Constraint: Br (B !  + Baryon +M) . 40%

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

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>
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Future Searches

23

Baryogenesis Requires:

Ongoing searches with BaBar, Belle and Belle-II data!

(given that                                        )B-factories expected sensitivity: Br(B+ ! K+⌫̄⌫) < 10�5

<latexit sha1_base64="KOppVd/ysNfpLZNf7/dZvoBW/z4="></latexit>

Br (B !  + Baryon) & 10�5

The mechanism should be fully testable!

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

Br (B !  + Baryon +M) & 10�4
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New Force Carrier

24

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
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Collider Complementarity
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1) Parameter Space of B-Mesogenesis:

2) As of today we know:
<latexit sha1_base64="/+MfWLSQQHUEolKKrdT4uWJxnTg="></latexit>

Br (B !  + Baryon +M)⇥Aq
SL . 10�4

BaBar
Belle Belle II ATLAS

CMS
LHCb

B-Mesogenesis can be fully tested at collider experiments!

<latexit sha1_base64="jzsfsdImBUFhIR6F/0r9GG8z0JY="></latexit>

Br (B !  + Baryon +M)⇥Aq
SL & 5⇥ 10�7
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Dark Matter Phenomenology

28

• Relic abundance obtained with:

h�vidark ' 25 h�viWIMP min[m�,m⇠]/GeV⌦DMh2 = 0.12

• What kind of Dark Sector could allow for such cross sections but being 
compatible with the very strong constraints from the CMB observations?

Laene et al. 1805.10305

Our scenario:
Non-thermal DM

Thermal relic

⇠
�?

�?
�?

⇠

⇠

⇠ ⇠

⇠

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

1GeV . m� ,⇠ . 2.5GeV
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Possible Dark Sectors
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1) Annihilation into Sterile Neutrinos
The annihilation can be predominantly p-wave: 1607.02373 Escudero, Rius, Sanz 

0711.4866 Pospelov, Ritz, Voloshin

2) Annihilation into Active Neutrinos
González-Macias, Illana and Wudka, 1506.03825,1601.05051,  Blennow et. al. 1903.00006

Constraints on dark matter annihilating to neutrinos are mild

Our scenario:
Non-thermal DM

Bell, Dolan, Robles  
2005.01950

Olivares-Del Rio, Boehm, 
Palorames-Ruiz, Pascoli 
1711.05283

SK
HK
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Possible Dark Sectors
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1) Annihilation into Sterile Neutrinos
The annihilation can be predominantly p-wave: 1607.02373 Escudero, Rius, Sanz 

0711.4866 Pospelov, Ritz, Voloshin

3) Additional particles carrying baryon number

• Which in order to get                                   will require 

�? + � ! A+A?

�+A ! A? +A?

• Gives an understanding of the observed Dark Matter to Baryon energy density ratio 

⌦DM/⌦b = 5.36 mA ⇠ 5

3
mp ⇠ 1.6GeV

• New scalar Baryon with B = 1/3: A

• Is automatically stable!

2) Annihilation into Active Neutrinos
González-Macias, Illana and Wudka, 1506.03825,1601.05051,  Blennow et. al. 1903.00006

Constraints on dark matter annihilating to neutrinos are mild
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No Direct Detection Signatures
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u s b ! f2
⇡GFVtbV

?
ts u s s ⇠ 10�8 u s s 

No direct coupling between the dark matter and light quarks

Coupling to light quarks can be generated through weak loops:

These processes are possible and could be searched for at
Super-Kamiokande:

But the rate is tiny, hence unobservable 
see 1008.2399 by Davoudiasl, Morrissey, Sigurdson & Tulin

⇠�

n K0

K0
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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:

Br(B+ ! K+⌫̄⌫) < 10�5

Ongoing search for this process at BaBar/Belle and Belle-II!

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

• Neutral and charged B mesons decay into baryons and missing energy

Aq
SL > 10�5

<latexit sha1_base64="irLJoqnz9xnYbMiR9kxpz32QAYI=">AAACAXicbVC7SgNBFJ1NfMT4WrURbAZDwMawK4raSNTGwiKieUCyWWYns8mQ2Yczs0JY1kb8E0EsFLH1L+zE0h9x8ig08cCFwzn3cu89TsiokIbxqaXSU9Mzs5m57PzC4tKyvrJaEUHEMSnjgAW85iBBGPVJWVLJSC3kBHkOI1Wne9r3qzeECxr4V7IXEstDbZ+6FCOpJFtfP7bjBvfg5XnSjK8TeARNoxlv7yW2njMKxgBwkpgjkivm79Pm9+NXydY/Gq0ARx7xJWZIiLpphNKKEZcUM5JkG5EgIcJd1CZ1RX3kEWHFgw8SmFdKC7oBV+VLOFB/T8TIE6LnOarTQ7Ijxr2++J9Xj6R7YMXUDyNJfDxc5EYMygD244AtygmWrKcIwpyqWyHuII6wVKFlVQjm+MuTpLJTMHcLhxcqjRMwRAZsgE2wBUywD4rgDJRAGWBwCx7AM3jR7rQn7VV7G7amtNHMGvgD7f0HHL+ZFg==</latexit>

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

Br (B !  + Baryon +M) & 10�4
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Outlook

33

•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

• Fractionally Charged Antibaryonic Dark Matter
• Other Detection Methods
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Outlook

34

•Exclusive Decays

Improved QCD and Flavor Predictions 

It is very important to relate                        to  b̄ !  ud

<latexit sha1_base64="AqWePwPsDZumbKY/VYBPEwYZrgc=">AAAB/nicdVDLSgMxFM3UV62vUXGlSLAIrkpSxLa7ohuXLdhW6Awlk0nb0MyDJCOUoeDGD3HjQhG3/Q53foM/YaZVUNEDFw7n3Mu993ix4Eoj9GblFhaXllfyq4W19Y3NLXt7p62iRFLWopGI5LVHFBM8ZC3NtWDXsWQk8ATreKOLzO/cMKl4FF7pcczcgAxC3ueUaCP17D3HIzL1Jo6OoBMrDhPoQ9izi6iEEMIYw4zgyhkypFarlnEV4swyKNYPps33u8Npo2e/On5Ek4CFmgqiVBejWLspkZpTwSYFJ1EsJnREBqxraEgCptx0dv4EHhvFh/1Imgo1nKnfJ1ISKDUOPNMZED1Uv71M/MvrJrpfdVMexolmIZ0v6icCml+zLKDPJaNajA0hVHJzK6RDIgnVJrGCCeHrU/g/aZdL+LRUa5o0zsEcebAPjsAJwKAC6uASNEALUJCCe/AInqxb68F6tl7mrTnrc2YX/IA1/QApyJix</latexit>

B !  + Baryon

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

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

Experiment

Br (B !  + Baryon)

<latexit sha1_base64="pgRJTQlBXDbANeq/cBzCAbw2ri8=">AAACF3icbVDLSgMxFM34tr6qLt2EFqEilBkR1F2pG5cVrAqdUjLpnTaYyQzJHXEY+hdu/BU3LhRxq7v+jeljodUDgcM593JzTpBIYdB1h87c/MLi0vLKamFtfWNzq7i9c23iVHNo8ljG+jZgBqRQ0ESBEm4TDSwKJNwEd+cj/+YetBGxusIsgXbEekqEgjO0UqdY9REeMK/rgS8hxErdx5j6iRH0cOowncVq4GvR6+NBp1h2q+4Y9C/xpqRcK/mHj8Na1ugUv/xuzNMIFHLJjGl5boLtnGkUXMKg4KcGEsbvWA9alioWgWnn41wDum+VLg1jbZ9COlZ/buQsMiaLAjsZMeybWW8k/ue1UgxP27lQSYqg+ORQmEpqs49Kol2hgaPMLGFcC/tXyvtMM462yoItwZuN/JdcH1W94+rZpW2jTiZYIXukRCrEIyekRi5IgzQJJ4/kmbySN+fJeXHenY/J6Jwz3dklv+B8fgO45aNF</latexit>

•This scenario can alter             via                    b !  ̄ s

<latexit sha1_base64="XtvBMOaXSdU9xbslZ6K1AJq4Xms=">AAAB/3icbVC7SgNBFL0bXzG+VgUbRQaDYBV2RVC7oI1lAuYB2SXMTmaTIbMPZmaFsKaw8EdsLBSxjL9h5zf4E84mKTTxwAyHc+7l3nu8mDOpLOvLyC0sLi2v5FcLa+sbm1vm9k5dRokgtEYiHommhyXlLKQ1xRSnzVhQHHicNrz+deY37qiQLApv1SCmboC7IfMZwUpLbXPPQ46KkONhkTqxZMPsQ7JtFq2SNQaaJ/aUFMsHo+r34+Go0jY/nU5EkoCGinAsZcu2YuWmWChGOB0WnETSGJM+7tKWpiEOqHTT8f5DdKyVDvIjoV+o0Fj93ZHiQMpB4OnKAKuenPUy8T+vlSj/wk1ZGCeKhmQyyE840hdnYaAOE5QoPtAEE8H0roj0sMBE6cgKOgR79uR5Uj8t2Wely6pO4womyMM+HMEJ2HAOZbiBCtSAwD08wQu8Gg/Gs/FmvE9Kc8a0Zxf+wPj4AYu5mYc=</latexit>

<latexit sha1_base64="STsXC+8gE+cqkI0OLuKU/4Oqj1o=">AAAB9HicbVDLSgNBEJyNrxhfUY96WAyCp7AbEAUvQQ96jGAemKyhd3Y2GTIzu5mZDYQl3+DRiwdFvIkf482/cfI4aGJBQ1HVTXeXHzOqtON8W5ml5ZXVtex6bmNza3snv7tXU1EiManiiEWy4YMijApS1VQz0oglAe4zUvd7V2O/PiBS0Ujc6WFMPA4dQUOKQRvJa10D59BO3dLood/OF5yiM4G9SNwZKZQLjxfB/eFHpZ3/agURTjgRGjNQquk6sfZSkJpiRka5VqJIDLgHHdI0VAAnyksnR4/sY6MEdhhJU0LbE/X3RApcqSH3TScH3VXz3lj8z2smOjz3UiriRBOBp4vChNk6sscJ2AGVBGs2NASwpOZWG3dBAtYmp5wJwZ1/eZHUSkX3tOjcmjQu0RRZdICO0Aly0RkqoxtUQVWEUR89oRf0ag2sZ+vNep+2ZqzZzD76A+vzB+iFlHc=</latexit>

�q
12

•Also b-flavored baryon decays e.g.                         ,⇤b !  ̄ +D
0 <latexit sha1_base64="n5nZBkDcE0Ie2DW8rQQExN+luXE=">AAACB3icbVDLSsNAFJ3UV62vqEulDBZBEEoiiC6Lbly4aME+oIlhMpm0QyeTMDMRS+hOF/6KGxeKdOsvuPMb/Amnj4W2Hhg4nHMud+7xE0alsqwvI7ewuLS8kl8trK1vbG6Z2zsNGacCkzqOWSxaPpKEUU7qiipGWokgKPIZafq9y5HfvCNC0pjfqH5C3Ah1OA0pRkpLnll0rnU4QJ4PHRVD557CY+gkXXrrSIWEZ5assjUGnCf2lJQq+8Pa92NxWPXMTyeIcRoRrjBDUrZtK1FuhoSimJFBwUklSRDuoQ5pa8pRRKSbje8YwEOtBDCMhX5cwbH6eyJDkZT9yNfJCKmunPVG4n9eO1XhuZtRnqSKcDxZFKYM6otHpcCACoIV62uCsKD6rxB3kUBY6eoKugR79uR50jgp26dlq6bbuAAT5MEeOABHwAZnoAKuQBXUAQYP4Bm8gjfjyXgx3o3hJJozpjO74A+Mjx9sWJwY</latexit>

⇤b ! ⇠ + �?

We performed a rather rough phase space calculation

A QCD sum rule or Lattice calculation would be very valuable
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Thank You!

B
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