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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

Baryogenesis and Dark Matter 
from B Mesons

3) Leads to unique collider signatures
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1) Baryogenesis and DM from B Mesons!

2) Collider implications
1) Direct CP violation in B Meson decays (LHCb/ATLAS/CMS)

2) Indirect CP violation in B mesons decays (LHCb/ATLAS/CMS/Belle-II)

3) Searches for heavy colored scalars (ATLAS/CMS)

4) Search  for B meson decay into a baryon and ME (Belle-II/LHCb)

5) Search for b-ßavored baryon decays into mesons and ME (LHCb)

3) Summary and Outlook



Baryogenesis and DM from B Mesons Stealth Physics at LHCb 18-02-20Miguel Escudero (KCL)

Baryogenesis and DM from B Mesons

7

1) New B Meson decay

B meson decay into a visible Baryon and missing energy at a rate:

B

Baryon

Dark Sector 
anti-Baryon

!

!

Br( B ! ! + Baryon + X ) > 5 " 10! 4
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1) New B Meson decay

B meson decay into a visible Baryon and missing energy at a rate:

Collider Implications:

1) There should be a new force carrier 

2) New decay mode that can be searched for!

B

Baryon

Dark Sector 
anti-Baryon

!

!

Br( B ! ! + Baryon + X ) > 5 " 10! 4
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2) CP violation in the neutral B Meson system
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Parameter Space 
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Baryogenesis Requires:

Ad, s
!! ! Br( B " ! + Baryon + X ) > 5 ! 10! 7

As of today we know:

Ad, s
!! ! Br( B " ! + Baryon + X ) ! 10! 4



Baryogenesis and DM from B Mesons Stealth Physics at LHCb 18-02-20Miguel Escudero (KCL)

Indirect CP violation Searches
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B Meson Decays

Current measurement:

CP violation in the B system 20

whereCd and Cs depend on the relative production rates ofB0 and B

0
s mesons, as

well as their respective probabilities to have mixed (which may depend on the selection
requirements). A possible additional term in Eq. (18) is discussed below.

Another approach to determine these asymmetries inclusively is to tagB particles
produced in top quark decays [102]. This method, recently implemented by ATLAS [103],
however results in low yields so that the measurements do not currently have competitive
precision.

Table 4: Summary of the latest results for the B

0 mixing (ad
sl ) and B

0
s mixing (as

sl ) CP

asymmetries, as well as the inclusive dimuon asymmetryAb
sl measured atD0. In all cases the

statistical uncertainty is quoted Þrst and the systematic second. All values are percentages.
The world averages [12] are from a Þt to allad

sl , a
s
sl and A

b
sl results, except for the latest LHCb

a

s
sl result [104]; an earlier result [105] is included instead. The latest SM predictions [9,101]

are given for comparison.

a

d
sl (%) a

s
sl (%) A

b
sl (%)

BaBar K-tag [84,106] 0.06± 0.17+0 .38
�0.32 Ð Ð

BaBar `` [107] �0.39± 0.35± 0.19 Ð Ð
Belle `` [85] �0.11± 0.79± 0.70 Ð Ð
LHCb [83,104] �0.02± 0.19± 0.30 0.39± 0.26± 0.20 Ð
D0 [86,108,109] 0.68± 0.45± 0.14 �1.12± 0.74± 0.17 �0.496± 0.153± 0.072
World average [12] �0.15± 0.17 �0.75± 0.41
SM �0.00047± 0.00006 0.0000222± 0.0000027 �0.023± 0.004
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Figure 6: Measurements ofas
sl and a

d
sl , with simple one-dimensional averages (that di! er from

the values shown in Table 4) shown as horizontal and vertical bands, respectively [104]. The
yellow ellipse represents the D0 inclusive dimuon measurement [86] with"# d set to its SM
expectation value.

Measurements ofad
sl , a

s
sl and A

b
sl have been performed by theBaBar, Belle, LHCb,

and D0 collaborations. The latest results are collected in Table 4 together with the world
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1) It is a 2-Body decay 
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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
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Br(B+ ! c̄+X) = (97 ± 4)%Measurement:

Most stringent current constraint: Br(B !  + Baryon +X) < 10%

What about the total width of B-Mesons ?
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= 0.86± 0.19 Lenz et. al. 1305.5390  

Br(B !  + Baryon + X ) < 40%Constraint:
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B meson decays into a Baryon plus Missing Energy

Direct search of                                            (both charged and neutral)

Br(B ! K!! ) < 10! 5B-factories have a good handle on missing energy e.g.:

Belle-II will improve over an order of magnitude with 50ab -1  

Current data may probe the scenario already! (Belle-BaBar)

Ongoing search at Belle-II and at BaBar!
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Naive sensitivity
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Br( B ! ! + Baryon + X ) > 10! 3

B ! ! + Baryon + X



Baryogenesis and DM from B Mesons Stealth Physics at LHCb 18-02-20Miguel Escudero (KCL)

Can LHCb target this decay?

19

B meson decays into a Baryon plus Missing Energy
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Can LHCb target this decay?

19

B meson decays into a Baryon plus Missing Energy
Missing energy at hadron colliders is not easy but 
LHCb has ~ 5*10 11 B mesons with 5 fb -1 

Invisible

(Prompt)
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!

! 0
c

! ! +
c K !

Invisible

What are the backgrounds for this kind of processes?

The oscillations could be useful (Poluektov and Morris 1911.12729 )

Can they be triggered?
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LHCb reach to b-Baryons decays
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b-ßavored Baryon decays into Mesons and Missing Energy

The heavy colored scalar Y can also trigger such decays at the same 
rate as B meson decays:

Br(⇤

0
b ! Mesons + DM) '

Br(B ! Baryon + DM)

e.g.:

u

d

! 0
b b

øs

øu

d

u

! !

K +

Y !

This search seems considerably challenging at hadron colliders

øb! ! us

b-ßavored baryons are not produced in B-factories

!
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LHCb reach to b-Baryons decays

21

b-ßavored Baryon decays into Mesons and Missing Energy

The idea is to focus on baryons coming from other baryons

It might be feasible, see Stone & Zhang 1402.4205

⌃±
b , ⌃

±
b
? ! ⇤b + ⇡±e.g.:

By measuring EΣ one could have a handle on the energy of Λb 

⌃+
b

⇡+

! 0
b

! Invisible

! !

K+
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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 B 0 system to Baryogenesis

B-factories should test this scenario given the constraints on other missing energy channels:

Br(B+ ! K+⌫̄⌫) < 10�5

Ongoing search for B → Baryon + ME at BaBar&Belle-II!

LHCb can contribute to test this mechanism:

¥Certainly in the CPV front.

¥Can LHCb  target invisible decays of B mesons and b-ßavored baryons?

Distinct experimental signatures:

¥Positive leptonic asymmetry in B meson decays

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

Ad s
`` > 10�5

¥Neutral and charged b-baryons decay into mesons and missing energy

Br(B ! ! + Baryon +X) > 10

�3
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Baryogenesis from B Mesons
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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 neutralB meson mixing in the SM.

Bq ! Bq transitions involve the exchange of twoW bosons. They are the so calledbox
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 øb! q transition, is proportional to:

m2
uVuqV !

ub + m2
cVcqV !

cb + m2
t VtqV !

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
Yukawainteractions with the Higgs Þeld, without breaking gauge invariance:

L Y ukawa = Y ij
d Q

i
L ! D j

R + Y ij
u Q

i
L ! Uj

R + ( h.c.) (2.4)

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

mass of the quarksmq are related to their coupling to the Higgs Þeld:mq = Yq
v!
2
. To write

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

using four independent matrices. Only three of them can be freely chosen (redeÞning the
quark Þelds 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 ßavor (o interaction) basis to the mass
basis:

Yu = I á

0

@

u
c
t

1

A ; Yd = I á

0

@

d"

s"

b"

1

A = VCKM á

0

@

d
s
b

1

A

with I the identity matrix and VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix,
that relates the ßavor eigenstates (d", s", b") 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 4á10# 2 and |Vub| and |Vtd | of order
5á10# 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 toCP 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 B 0 sector presented in this thesis it is su! cient to write
the CKM-matrix including terms up to O(! 3). For measurements in theB 0

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 abovem! , we assume that� was in thermal equilibrium with the plasma,
Þxing its number density for T ! m! to be

n! =
! (3)
" 2 T3. (4.22)

In practice we will use Tdec = 100 GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15 GeV 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)!
| øBq(t)!

"
=

#
M q + i

�q

2

$ !
|Bq(t)!
| øBq(t)!

"
(4.23)

whereM q is the mass matrix and�q is the decay matrix. The diagonal elementsM 11 = mB , M 22 = m øB

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 requiresM 11 = M 22 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 stateBq " f " Bq. Thus Bq and øBq are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and soM and � may
be complex.

|#øBq|Bq(t)! |2 $ |q/p|2 and |#Bq| øBq(t)! |2 $ |p/q|2, soa = 1 %|q/p|2 is a measure of CPV inBq % øBq

mixing.

a =
%
%
%
�q

12

M q
12

%
%
%sin#q

12 , (4.24)

where the theoretical quantities M 12/ �12 and their relative phase #12, can be related to observables
�M q, ��q. Here the mass eigenstatesBH/L are related to the ßavor/CP eigenstates by: |BL/H ! =
p|Bq! ± q| øBq! .
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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↵ q2 + ... (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

4E 2 sin4 "
2

cos2 #
2

|FB0(q2)|2 (4.3)

q2 = "
2mB0E 2(1 " cos #)
mB0 + E (1 " cos #)

$ " 4E 2 sin2 #
2

(4.4)

d!
dq2 = " 2$

" 2
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⌦
r 2
B0

↵2
✓
1 +

q2

4E 2

◆
(4.5)

! =

Z 0

! 4E2

d!
dq2 dq2 = " 2 2$

9

⌦
r 2
B0

↵2
E 2 = " 2 2$

9

⌦
r 2
B0

↵2
E 2 (4.6)

� % &! v' ne $ ! (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

10 MeV

�2
GeV.

4.4 Parameters for the B0 decays

We need to fill

H = M "
i
2
� =


M 11 " i

2�11 M 12 " i
2�12

M "
12 " i

2�
"
12 M 22 " i

2�22

�
(4.8)

�mB % MH " ML = 2|M 12| (4.9)

��B %�H " �L = "
2Ref(M #

12�12

|M 12|
(4.10)

1
This equation is the non-relativistic formula given for an electron interacting with target with a charge density !

where F (q2) ⌘
!

! (r ) ei ~q~r d3"r .

– 8 –

B Meson Mixing

Standard Model example diagrams:

4.6 � evolution

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

n! =
! (3)
" 2 T 3. (4.22)

In practice we will use Tdec = 100 GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15 GeV 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)!
| øBq(t)!

"
=

#
Mq + i

�q

2

$ !
|Bq(t)!
| øBq(t)!

"
(4.23)

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

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 requiresM11 = 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 stateBq " f " Bq. Thus Bq and øBq are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and soM and � may
be complex.

|#øBq|Bq(t)! |2 $ |q/p|2 and |#Bq| øBq(t)! |2 $ |p/q|2, soa = 1 %|q/p|2 is a measure of CPV inBq % øBq

mixing.

a =
%
%
%
�q

12

Mq
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 eigenstatesBH/L are related to the ßavor/CP eigenstates by: |BL/H ! =
p|Bq! ± q| øBq! .
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4.6 ! evolution

At some high temperature abovem! , we assume that! was in thermal equilibrium with the plasma,
Þxing its number density for T ! m! to be

n! =
! (3)
" 2

T3. (4.22)

In practice we will use T
dec

= 100 GeV. although we note that the result if fairly independent on this
number provided it is T

dec

> 15 GeV 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
| øBq(t)i

"
=

#
M q + i

" q

2

$ !
|Bq(t)i
| øBq(t)i

"
(4.23)

whereM q is the mass matrix and" q is the decay matrix. The diagonal elementsM
11

= mB , M
22

= m
¯B

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 requiresM

11

= M
22

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 stateBq ! f ! Bq. Thus Bq and øBq are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and soM and " may
be complex.

|h øBq|Bq(t)i|2 / |q/p|2 and |hBq| øBq(t)i|2 / |p/q |2, soa = 1 � |q/p|2 is a measure of CPV inBq� øBq

mixing.

a =
%
%
%

" q
12

M q
12

%
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%sin#q

12

, (4.24)

where the theoretical quantities M
12

/ "
12

and their relative phase #
12

, can be related to observables
$ M q, $" q. Here the mass eigenstatesBH/L are related to the ßavor/CP eigenstates by: |BL/H i =
p|Bqi± q| øBqi.
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Figure 2.2: Dominant Feynman diagrams responsible for neutralB 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
t VtqV !

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
Yukawainteractions with the Higgs Þeld, without breaking gauge invariance:

L Y ukawa = Y ij
d Q

i
L ! D j

R + Y ij
u Q

i
L ! Uj

R + ( h.c.) (2.4)

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

mass of the quarksmq are related to their coupling to the Higgs Þeld:mq = Yq
vp
2
. To write

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

using four independent matrices. Only three of them can be freely chosen (redeÞning the
quark Þelds 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 ßavor (o interaction) basis to the mass
basis:

Yu = I á

!

"
u
c
t

#

$ ; Yd = I á

!

"
d0

s0

b0

#

$ = VCKM á

!

"
d
s
b

#

$

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

VCKM =

!

"
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

#

$

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 4á10�2 and |Vub| and |Vtd | of order
5á10�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 toCP 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 =

!

"
1 �2/ 2 � A�3(⇢ i⌘)

� 1 �2/ 2 A�2

A�3(1 ⇢ i⌘) A�2 1

#

$ + O(" 4)

4 For the CP violating measurement in the B 0 sector presented in this thesis it is su cient to write
the CKM-matrix including terms up to O(�3). For measurements in theB 0

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 =

!

"
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

#

$ + O(�6)

.
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4.6 ! evolution

At some high temperature abovem , we assume that! was in thermal equilibrium with the plasma,
Þxing its number density for T ! m to be

n =
! (3)
" 2 T3. (4.22)

In practice we will use Tdec = 100 GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15 GeV 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)!
| øBq(t)!

"
=

#
M q + i

" q

2

$ !
|Bq(t)!
| øBq(t)!

"
(4.23)

whereM q is the mass matrix and" q is the decay matrix. The diagonal elementsM 11 = mB , M 22 = m øB

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 requiresM 11 = M 22 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 stateBq " f " Bq. Thus Bq and øBq are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and soM and " may
be complex.

|#øBq|Bq(t)! |2 $ |q/p|2 and |#Bq| øBq(t)! |2 $ |p/q |2, soa = 1 %|q/p|2 is a measure of CPV inBq % øBq

mixing.

a =
%
%
%

" q
12

M q
12

%
%
%sin#q

12 , (4.24)

where the theoretical quantities M 12/ " 12 and their relative phase #12, can be related to observables
$ M q, $" q. Here the mass eigenstatesBH/L are related to the ßavor/CP eigenstates by: |BL/H ! =
p|Bq! ± q| øBq! .
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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 factorFB 0 (q2). The actual form of FB 0 (q2) 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 deÞned as

⌦
r 2↵ = 6


dF(q2)

dq2

�

q=0
. (4.1)

Which for a neutral particle leads to

F (q2) = "
1
6

⌦
r 2↵ q2 + ... (4.2)

Since
⌦
r 2

B 0

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

⌦
r 2

B 0

↵
# " 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

K 0

↵
= " 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
B 0

↵
# 100 MeV and we are interested in

T # 10 MeV. Thus, we are left to calculate the scattering cross section for the processe± B0 ! e± B0.
Which in the lab frame and ignoring the B0 recoil reads1

d!
d"

=
" 2

4E 2 sin4 "
2

cos2
#
2

|FB 0(q2)|2 (4.3)

q2 = "
2mB 0 E 2(1 " cos#)
mB 0 + E(1 " cos#)

$ " 4E 2 sin2 #
2

(4.4)
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" 2
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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

10 MeV

�2
GeV.

4.4 Parameters for the B0 decays

We need to Þll

H = M "
i
2

# =


M 11 " i
2 #11 M 12 " i

2 #12

M ⇤
12 " i

2 #⇤
12 M 22 " i

2 #22

�
(4.8)

$ mB % M H " M L = 2 |M 12| (4.9)

$# B % #H " #L = "
2Ref(M #

12#12

|M 12|
(4.10)

1
This equation is the non-relativistic formula given for an electron interacting with target with a charge density !

where F (q2
) !

!
! (r ) ei !q!r d3"r .

Ð 8 Ð

B Meson Mixing
Standard Model example diagrams:

4.6 ! evolution

At some high temperature abovem , we assume that! was in thermal equilibrium with the plasma,
Þxing its number density for T ! m to be

n =
! (3)
" 2 T3. (4.22)

In practice we will use Tdec = 100 GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15 GeV 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)!
| øBq(t)!

"
=

#
M q + i

" q

2

$ !
|Bq(t)!
| øBq(t)!

"
(4.23)

whereM q is the mass matrix and" q is the decay matrix. The diagonal elementsM 11 = mB , M 22 = m øB

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 requiresM 11 = M 22 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 stateBq " f " Bq. Thus Bq and øBq are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and soM and " may
be complex.

|#øBq|Bq(t)! |2 $ |q/p|2 and |#Bq| øBq(t)! |2 $ |p/q|2, soa = 1 %|q/p|2 is a measure of CPV inBq % øBq

mixing.

a =
%
%
%

" q
12

M q
12

%
%
%sin#q

12 , (4.24)

where the theoretical quantities M 12/ " 12 and their relative phase #12, can be related to observables
$ M q, $" q. Here the mass eigenstatesBH/L are related to the ßavor/CP eigenstates by: |BL/H ! =
p|Bq! ± q| øBq! .
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4.6 ! evolution

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

n =
⇣(3)
⇡2 T3. (4.22)

In practice we will use Tdec = 100 GeV. although we note that the result if fairly independent on this
number provided it is Tdec > 15 GeV 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)!
| øBq(t)!

"
=

#
M q + i

" q

2

$ !
|Bq(t)!
| øBq(t)!

"
(4.23)

whereM q is the mass matrix and" q is the decay matrix. The diagonal elementsM 11 = mB , M 22 = m øB

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 requiresM 11 = M 22 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 stateBq " f " Bq. Thus Bq and øBq are not eigenstates for the
weak interaction. The box diagrams include elements from the CKM matrix, and soM and " may
be complex.

|#øBq|Bq(t)! |2 $ |q/p|2 and |#Bq| øBq(t)! |2 $ |p/q|2, soa = 1 %|q/p|2 is a measure of CPV inBq % øBq

mixing.
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%
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12

M q
12

%
%
%sin�q

12 , (4.24)

where the theoretical quantities M 12/ " 12 and their relative phase �12, can be related to observables
$ M q, $" q. Here the mass eigenstatesBH/L are related to the ßavor/CP eigenstates by: |BL/H ! =
p|Bq! ± q| øBq! .
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Z' models (even at tree level) , Leptoquarks etc ...

see e.g. Nir 9911321

CP violating mixing requires a relative phase between        and ! 12 M 12
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However, see Poluektov and Morris 1911.12729 for B0 mesons: 

1) Decays of the type: Bs0 -> A + psi where A decays promptly 

2)  Then, if where not invisible pB could be reconstructed 

3) (KEY) The momentum enters the calculation of the time of ßight 

of B Mesons t = L M/pB!

4) Then study the ßavor asymmetry of A and Abar events until a 

resonance at GammaB is found. That will determine mpsi. 



Baryogenesis and DM from B Mesons Planck 04-06-19Miguel Escudero (KCL)

Oscillations could help

27

0 1 2 3 4
 decay time (ps)0

sB

1!
0.8!
0.6!
0.4!
0.2!

0
0.2
0.4
0.6
0.8

1

 fl
av

ou
r 

as
ym

m
et

ry
0 s

B
=0Xm
=1 GeVXm
=2 GeVXm

Poluektov and Morris 1911.12729



Baryogenesis and DM from B Mesons Stealth Physics at LHCb 18-02-20Miguel Escudero (KCL)

Back Up:  Parameters

28

8

Parameter Description Range Benchmark Value Constraint

m! � mass 11 ! 100 GeV 25 GeV -

�! Inflaton width 3 " 10! 23 < �! /GeV < 5 " 10! 21 10! 22 GeV Decay between 3.5 MeV < T < 30 MeV

m! Dirac fermion mediator 1.5 GeV < m! < 4.2 GeV 3.3 GeV Lower limit from m! > m" + m#

m# Majorana DM 0.3 GeV < m# < 2.7 GeV 1.0 and 1.8 GeV |m# ! m" | < mp ! me

m" Scalar DM 1.2 GeV < m" < 2.7 GeV 1.5 and 1.3 GeV |m# ! m" | < mp ! me, m" > 1.2 GeV

yd Yukawa for L = yd  ̄�⇠ 0.3 <
#

4⇡

Br(B $ �⇠ + ..) Br of B $ ME + Baryon 2 " 10! 4 ! 0.1 10! 3 < 0.1 [5]

As
$$ Lepton Asymmetry Bd 5 " 10! 6 < Ad

$$ < 8 " 10! 4 6 " 10! 4 Ad
$$ = ! 0.0021 ± 0.0017 [5]

As
$$ Lepton Asymmetry Bs 10! 5 < As

$$ < 4 " 10! 3 10! 3 As
$$ = ! 0.0006 ± 0.0028 [5]

%�v&" Annihilation Xsec for � (6 ! 20) " 10! 25 cm3/s 10! 24 cm3/s Depends upon the channel [3]

%�v&# Annihilation Xsec for ⇠ (6 ! 20) " 10! 25 cm3/s 10! 24 cm3/s Depends upon the channel [3]

TABLE II. Parameters in the model, their explored range, benchmark values and a summary of constraints. Note that the
benchmark value for Aq

$$ " Br(Bq $ �⇠ + Baryon + X), for %�v&" and %�v&# are fixed by the requirement of obtaining the
observed Baryon asymmetry (YB = 8.7 " 10! 11 ) and the correct DM abundance (⌦DM h2 = 0.12) respectively.

e!ects are small, this is e!ectively equivalent to the lep-
tonic charge asymmetry for which one integrates over all
times. Therefore, in the present work we will use the two
interchangeably.

Maintaining the coherence ofB0 oscillation is crucial
for generating the asymmetry; additional interactions
with the B mesons can act to ÒmeasureÓ the state of the
B meson and decohere theB0

q ! øB0
q oscillation [32, 33],

thereby diminishing the CPV and so too the generated
baryon asymmetry. B mesons, despite being spin-less
and charge-less particles, may have sizable interactions
with electrons and positrons due to theBÕs charge dis-
tribution. Electron/positron scattering e± Bq " e± Bq, if
faster than the B0

q oscillation, can spoil the coherence of
the system. We have explicitly found that this interaction
rate is two orders of magnitude lower than for a generic
baryon [29], but for temperatures aboveT # 20 MeV
the process "(e± B " e± B) occurs at a much higher rate
than the B meson oscillation and therefore precludes the
CP violating oscillation. We refer the reader to Ap-
pendix 1 for the explicit calculation of the e± B " e± B
scattering process in the early Universe.

Generically, decoherence will be insigniÞcant if oscilla-
tions occur at a rate similar or faster then the B0 me-
son interaction. By comparing the e± Bq " e± Bq rate
with the oscillation length # mB q , we construct a step-
like function (we have explicitly checked that a Heaviside
function yields similar results) to model the loss of coher-
ence of the oscillation system in the thermal plasma:

fq
deco = e! �(e± B 0

q " e± B 0
q )/ �m B q . (18)

We take # mB d = 3 .337 $ 10! 13 GeV and # mB s =
1.169 $ 10! 11 GeV [5], and "

!
e± B0

q " e± B0
q

"
=

10! 11 GeV (T/20 MeV)5 (see Appendix 1 for details).
Even without numerically solving the Boltzmann equa-

tions, we can understand the need for additional interac-
tions in the dark sector %�v&!," . From Equations (11)
and (13), we see that the DM abundance is sourced

by Br( B " �⇠ + Baryon + X)); the greater the value
of this branching fraction, the more DM is generated.
From Equation (16), we see that the asymmetry also de-
pends on this parameter but weighted by a small number;
Aq

## < 4$ 10! 3. Therefore, generically a region of param-
eter space that produces the observed baryon asymmetry
will overproduce DM, and we require additional interac-
tions with the DM to deplete this symmetric component
and reproduce $DMh2 = 0 .120.

B. Numerics and Parameters

We use Mathematica [36] to numerically integrate the
set of Boltzmann Equations (9), (10), (11), (13), and (16)
subject to the constraint Equation (8). To simplify the
numerics it is useful to use the temperatureT as the evo-
lution variable instead of time. Conservation of energy
yields the following relation [37, 38]:

dT

dt
= !

3H(⇢SM + pSM) ! " �n�m"

d⇢SM/dT
, (19)

which above the neutrino decoupling temperaturesT !
3 MeV simpliÞes to [39]:

dT

dt
= !

4Hg#,sT 4 ! (30/⇡2) $ " �m�n�

T 4g#(1 + d log g!
d log T )

. (20)

We can therefore use Equation (20) in place of Equa-
tion (10). For the number of relativistic species con-
tributing to entropy and energy g#,s (T ) and g#(T ), we use
the values obtained in [40]. Finally, since the DM parti-
cles generically have masses greater then a GeV we can
safely neglect the inverse scatterings in the DM Boltz-
mann equations i.e. the n2

eq term. To make the inte-
gration numerically straightforward we change variables
and solve the equations for logn and logT , such that
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Heavy Colored Triplet Scalar:

L ! " yub Y ! øu bc " y! s Y ø! sc + h.c

H eff =
yuby! s

m2
Y

u s b!

Br( B ! !" + Baryon) " 10! 3
!

mB # m!

2 GeV

" 4 !
1 TeV
mY

$ yuby! s

0.53

" 4

Field Spin QEM Baryon no. Z2 Mass

! 0 0 0 +1 11 ! 100 GeV

Y 0 ! 1/ 3 ! 2/ 3 +1 O(TeV)

! 1/ 2 0 ! 1 +1 O(GeV)

" 1/ 2 0 0 ! 1 O(GeV)

# 0 0 ! 1 ! 1 O(GeV)

!

øb

d
B0

d

u

d

s

⇤

 

Y

!

Minimal Particle Content B-mesons  decay into DM (missing energy) and a Baryon

also possible c s b! , u d b! , c d b!

operator induces new b-quark decay øb! ! us (CP and Baryon 
number conserving)

(4-jet/squark)

�B = 0

mY > 1 TeV
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Field Spin QEM Baryon no. Z2 Mass

! 0 0 0 +1 11 ! 100 GeV

Y 0 ! 1/ 3 ! 2/ 3 +1 O(TeV)

! 1/ 2 0 ! 1 +1 O(GeV)

" 1/ 2 0 0 ! 1 O(GeV)

# 0 0 ! 1 ! 1 O(GeV)

!

øb

d
B0

d

u

d

s

⇤

 

Y

!

!  : Dirac Dark Baryon  

Minimal Particle Content

The Dark Sector:

m! < m B ! mBaryon < 4.3 GeV¥For the b-quark decay to happen:

¥ !  needs to have decays into other dark sector particles or will decay 

back to visible baryons and undo the Baryogenesis ! (" ! p + #! ) " 104 years

B-mesons  decay into DM (missing energy) and a Baryon
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Field Spin QEM Baryon no. Z2 Mass

! 0 0 0 +1 11 ! 100 GeV

Y 0 ! 1/ 3 ! 2/ 3 +1 O(TeV)

! 1/ 2 0 ! 1 +1 O(GeV)

" 1/ 2 0 0 ! 1 O(GeV)

# 0 0 ! 1 ! 1 O(GeV)

!

øb

d
B0

d

u

d

s

⇤

 

Y

!

Minimal Particle Content

The Dark Sector:

"  : Charged Stable Scalar anti-Baryon  

L � �yd  ̄ � ⇠

# : Dark Stable Majorana Fermion

¥Minimal Dark sector interaction  with Z 2 symmetry

¥Constraints:

¥ψ -> φξ Decay :

¥DM Stability:

¥Neutron Star Stability:

|m⇠ �m�| < mp +me

m > m� > 1.2GeV McKeen, Nelson, Reddy, Zhou 1802.08244

B-mesons  decay into DM (missing energy) and a Baryon

m� +m⇠ < m < 4.3GeV
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Baryogenesis requires:
As

!! = 10! 5 ! 10! 3

Br( B ! !" + Baryon + X ) = 2 " 10! 4 # 0.1

Baryogenesis can be 
achieved with just the CP 
violation in the SM! provided 

and Ad
!! = 0

Br( B ! !" + Baryon + X ) > 0.05

Ad
!! = 0

YB = 8 .7 ! 10! 11All points correspond to
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Ad
!! = Ad

!! |SM

¥Baryogenesis can take place even if one asymmetry is negative provided 
the other is positive and large enough.

SM value



Baryogenesis and DM from B Mesons Stealth Physics at LHCb 18-02-20Miguel Escudero (KCL)

New B-Meson decay

34

!

øb

d
B0

d

u

d

s

⇤

 

Y

!

Dark Matter

Baryon

(anti Baryon)

mY > 1 TeV

Y: Colored Triplet Scalar

SM Singlets

1.2 GeV ! m! , " ! 2.5 GeV
L ! " yub Y ! øu bc " y! s Y ø! sc + h.c

(4-jet/squark)

Br( B ! !" + Baryon) " 10! 3
!

mB # m!

2 GeV

" 4 !
1 TeV
mY

$ yuby! s

0.53

" 4

Y ! (3, 1, " 1/ 3)


