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Is the 
inflation 

scale high?
yes no

Is dark 
matter

an axion? Low  
Baryogenesis 
scale needed

yes no

• axion 
produced

after inflation 
in mass range  

ADMX can 
find

yes no

Is dark 
matter 

a WIMP?

Cosmology ‘no lose’?  ⇒

new LHC 
scale 

physics 

SUSY, etc

connection between   
Dark Sector and 

baryogenesis?  

many possibilities. 
Asymmetric

Dark matter?

!2



Why ‘post sphaleron’ 
baryogenesis is compelling

• Consistent with wide range of cosmology/inflation models. 


• No high temperature required (avoids many cosmological issues, e.g. gravitino 
over production, axion  isocurvature perturbations)


• Electroweak baryogenesis requires 1st order weak transition, CPV in Higgs 
sector—very constrained by electric dipole moment of electron, mass of Higgs.


• High scale Leptogenesis requires very high postinflation reheat temperature


• Many high scale models with scalars have isocurvature perturbation constraints
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Inflation’s end and reheating
• reheat temp Tr set by time at which inflaton dumps its energy into 

radiation (simple model:  set by inflaton lifetime)


• t-1~Γ~H~Tr2/Mpl


• Tr typically assumed to be very high, ~ 1012 GeV, but could be as low as   
4 MeV


• lower bound set by nucleosynthesis, ν abundance (Neff)


• upper bound set by energy density during inflation    
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Cosmology with low reheat 
scale: Either

• “Early matter domination”— postinflation energy density dominated by late (.01 s) decaying particle


or 


• “slow reheating” inflaton decays late (.01 s)


• thermalized radiation dominated universe never hotter than ~10 MeV


• economical picture: inflation→something→B hadrons+…


•  something could be oscillating Inflaton or modulus or …


• could decay to top or Higgs or weak bosons—always gives B hadrons decaying out of equilibrium


• could CPV in  B oscillations/decays yield BAU and dark matter?
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sufficient CPV at low energy

• Baryogenesis at low scales requires departure from thermal equilibrium 
at low scales, very weak couplings


• CPV requires new phase, quantum mechanics, effects usually very small 
(loop effects)


• CPV effects can be large in particle oscillations


• oscillations require near degeneracy (e.g. particle-antiparticle)
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CPV from particle/anti particle Oscillations
• CPV requires common final state between particle and antiparticle


• Charge asymmetry requires   m12≠0, Γ12≠0, arg(m12Γ12*)≠0

• maximum effect: ΔΓ ~ Δm ~ Γ, arg(m12Γ12*)~O(1)

• theory: ΔΓ < Δm, Γ

• Kaons: ΔΓ ~ Δm ~Γ, arg(m12Γ12*)<<1,       

• B0d: ΔΓ << Δm ~Γ, arg(m12Γ12*)<<1 (theory)

• B0s: ΔΓ << Γ<<Δm, arg(m12Γ12*)<<1 (theory)

• D0: ΔΓ ~ Δm <Γ, arg(m12Γ12*)<<1     
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Effects of charge asymmetry

• rate(particle→antiparticle)≠rate(antiparticle→particle)


• start with equal amounts of particles and antiparticles 
(e.g.K0 K̅0)


• semileptonic charge asymmetry: flavor asymmetry in 
decays


• kaon semileptonic asymmetry aslK: more e+ than e- ⇒ more s̅ than s 
decays.
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meson CPV

• B mesons oscillate and decay in CPV violating way 


• Dark matter and baryon production from charge asymmetry in decay


• Currently embedding mechanism in U(1)R SUSY with U̅D̅D̅ in superpotential

Baryogenesis and DM from B Mesons KCL 24-10-18Miguel Escudero (KCL)

An Explicit Model
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Minimal Particle Content B-mesons decay into ME and a Baryon

The Dark Sector:

φ : Charged Stable Scalar anti-Baryon 

L � �yd  ̄ � ⇠

ξ : Dark Stable Majorana Fermion

•Minimal Dark sector interaction  with Z2 symmetry

•Constraints:

• ψ -> φξ Decay:

• DM Stability:

• Neutron Star Stability:

m� +m⇠ < m 

|m⇠ �m�| < mp +me

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

DM stability: 

Neutron star stability:
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Decay kinematics:

Dark matter—carries Z2 and anti baryon number.    
( chiral superfield added to SUSY) Currently exploring whether could be  

right handed neutrino (sterile sneutrino carries baryon number)
‘squark’

‘light Dirac Bino’

adequate decay rate:
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Summary of Baryon/DM 
production mechanism

�

b

b̄

Out of equilibrium  
late time decay CP violating oscillations

B-mesons decay into 
Dark Matter and hadrons

B0
d B0

sB+

B� B̄0
sB̄0

d

B

⇠

�

Dark Matter

Baryon

anti-Baryon

As
``Ad

`` BR(B ! �⇠ + Baryon + ...) ⌦DMh2 = 0.12

YB = 8.7⇥ 10�11
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And now we can clearly compare the decay and annihi-
lation rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
(45)

where in the last step we have assumed that the � field
does not completely dominate the Universe so that we
can use t ⇠ 1/(2H). When solving numerically for �
number density we found that even with an annihila-
tion cross section of h�vi = 10 mb, the decay rate over-
comes the annihilation rate for T & 100 MeV even for
�� = 10�21 GeV. Thus, for practical purposes it is safe
to ignore the e↵ect of annihilations in the Boltzmann
equation (16).

3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (5):
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4. B meson decay operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus dark matter. Note that the mass
di↵erence between final an initial state will give an upper
bound on the dark Dirac baryon  . In MeV units, the
masses of the di↵erent hadrons read: mBd = 5279.63,
mBs = 5366.89, mB+ = 5279.32, m⌅0

c
= 2471.87,

m
⌅

+
c

= 2468.96, mp = 938.27, mn = 939.56, m⇤ =
1115.68, m⌃+ = 1189.37, m⌅0 = 1314.86, m⌦c = 2695.2,
m⇤c = 2286.46 and m⇡� = 139.57. The corresponding
final state and mass di↵erences are summarized in Ta-
ble III.
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Essential new particles
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VERY weakly coupled “reheaton” decays out of equilibrium to bb̅

“squark”

“Light Dirac Bino”

Dark matter Majorana fermion 

Dark matter charged scalar
} Can be superpartners
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U(1)R SUSY and dark sector
• With extended Higgs sector and Dirac gauginos, can extend R parity 

to a U(1)R

• u̅id̅jd̅k in superpotential: Baryon number + U(1)R  breaks to U(1)RB

• all superpartners carry baryon number! none of usual ones are stable. 

• can add dark matter supermultiplet—single chiral superfield, coupled 
to “right handed Bino”

• no constraints from neutron oscillations

• small breaking of U(1)R from anomaly mediation ⇒ weak constraints 

from neutron oscillations
 12
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FIG. 6. The decoherence function (18) as a function of tem-
perature for the B0

s and B0
d systems.

where ↵ is the fine structure constant. The momentum
exchanged is:

q
2 = � 2mB0E

2(1 � cos ✓)

mB0 + E(1 � cos ✓)
' �4E

2 sin2
✓

2
, (37)

where E is the energy of the incoming electron. We can
therefore rewrite the di↵erential cross section as:

d �

d q2
= � 2 ⇡

↵
2

18
hr2

B0
i2

✓
1 +

q
2

4E2

◆
. (38)

Upon integration we obtain the total scattering cross sec-
tion

� =

Z
0

�4E2

d �

d q2
d q

2 = ↵
2

2⇡

9
hr2

B0
i2 E

2
. (39)

By substituting the energy E by its average in the early
Universe; E ⇠ 3T , we obtain the thermally averaged rate
for this process:

�e±B0!e±B0
⌘ h�vine ' �(E = 3T ) ne(T ) (40)

' 10�11 GeV

✓
T

20 MeV

◆5 ✓ hr2

B0
i

0.187

◆2

.

Notice that the e
±

B0 ! e
±

B0 scattering rate will be
higher than the Bs oscillation rate �mBs = 1.17 ⇥
10�11 GeV for temperatures above ⇠ 20 MeV and there-
fore through the Zeno e↵ect electron/positrons scatter-
ings will damp the B

0-B̄0 oscillations. An identical anal-
ysis applies for the Bd oscillations, but since �mBd =
3.34 ⇥ 10�13 GeV oscillations will only be e�cient for
T < 10 MeV. We note that the rate calculated in (40)
has a very strong temperature dependence and therefore
is fairly independent on possible unaccounted details in
the B0 form factor. In Figure 6 we show the resulting de-
coherence function (18) for the Bs and Bd systems given
the interaction rate in (40) and the B-meson mass difer-
ences.

2. Do B Mesons Decay or Annihilate?

In the Boltzmann equations of Section IIIA, we have
omitted the possibility that B mesons annihilate prior
to their decay into the dark sector. In this subsection,
we explicitly show that, at the temperatures of interest
T ⇠ 20 MeV, this is indeed a valid approximation. Ad-
ditionally, we now determine in which range of tempera-
tures will the decays dominate over annihilations.

Since the � particle decays at the same rate to B

and B̄, we can assume that nB = nB̄ upon hadroniza-
tion. In reality, due to CP-violating oscillations, nB '
(1 + 10�3)nB̄ , but this will not impact the calculation at
hand. The Boltzmann equation that governs the the B

number density is:

dnB

dt
+ 3HnB = ��Br�!Bn� � �BnB � h�vin2

B
. (41)

Equation (41) involves very di↵erent time scales, and its
numerical solution will require time steps of t < 1/�B –
which are 10�10 smaller than those of the � lifetime.

We determine if a produced B meson will decay or
annihilate as follows: integrate Equation (41) with only
the first term on the right hand side (so that we ignore
both B decay and oscillation), this will give us the maxi-
mum number density of B’s prior to decay �nB . We can
then compare the B decay and the annihilation rates,
in order to determine which one dominates. Integration
of the first term in Equation (41) in the time interval
t ! t + 1/�B leads to:

�nB =

Z
t+1/�B

t

dnB

dt
(t0)dt

0 (42)

=

Z
t+1/�B

t

��n�(t0)dt
0 =

��

�B

n�(t) .

So that now, we can clearly compare the decay and an-
nihilation rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
, (43)

When solving numerically for the � number density we
found that even with an annihilation cross section of
h�vi = 10mb, the decay rate overcomes the annihila-
tion rate for T & 60 MeV even for �� = 10�21 GeV (and
T & 120 MeV for �� = 10�22 GeV). Thus, for practical
purposes it is safe to ignore the e↵ect of annihilations in
the Boltzmann equations.

B mesons in early universe
• b quarks quickly hadronize, mostly into mesons

• mesons decay, annihilate, scatter off e+, e- , γ   (charge radius)

• (annihilation numerically unimportant)

• neutral mesons oscillate and decohere due to scattering off e+, e-, 
model via decoherence function

• At 10-30 MeV

Decoherence mostly affects Bd
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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 <
p

4⇡

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

As

`` Lepton Asymmetry Bd 5 ⇥ 10�6 < Ad

`` < 8 ⇥ 10�4 6 ⇥ 10�4 Ad

`` = �0.0021 ± 0.0017 [4]

As

`` Lepton Asymmetry Bs 10�5 < As

`` < 4 ⇥ 10�3 10�3 As

`` = �0.0006 ± 0.0028 [4]

h�vi� Annihilation Xsec for � (6 � 20) ⇥ 10�25 cm3/s 10�24 cm3/s Depends upon the channel [2]

h�vi⇠ Annihilation Xsec for ⇠ (6 � 20) ⇥ 10�25 cm3/s 10�24 cm3/s Depends upon the channel [2]

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 h�vi� and h�vi⇠ are fixed by the requirement of obtaining the

observed Baryon asymmetry (YB = 8.7 ⇥ 10�11) and the correct DM abundance (⌦DMh2 = 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 of B
0 oscillation is crucial

for generating the asymmetry; additional interactions
with the B mesons can act to “measure” the state of the
B meson and decohere the B

0
q

� B̄
0
q

oscillation [30, 31],
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 the B’s charge dis-
tribution. Electron/positron scattering e

±
Bq ! e

±
Bq, if

faster than the B
0
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 [27], but for temperatures above T ' 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 insignificant if oscilla-

tions occur at a rate similar or faster then the B
0 me-

son interaction. By comparing the e
±

Bq ! e
±

Bq rate
with the oscillation length �mBq , 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:

f
q

deco
= e

��(e
±

B
0
q!e

±
B

0
q)/�mBq . (18)

We take �mBd = 3.337 ⇥ 10�13 GeV and �mBs =
1.169 ⇥ 10�11 GeV [4], and �

�
e
±

B
0
q

! e
±

B
0
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 h�vi⇠,�. 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;
A

q

``
< 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 ⌦DMh

2 = 0.120.

B. Numerics and Parameters

We use Mathematica [34] 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 temperature T as the evo-
lution variable instead of time. Conservation of energy
yields the following relation [35, 36]:

dT

dt
= �3H(⇢SM + pSM) � ��n�m�

d⇢SM/dT
, (19)

which above the neutrino decoupling temperatures T &
3 MeV simplifies to [37]:

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 [38]. 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 n

2
eq

term. To make the inte-
gration numerically straightforward we change variables
and solve the equations for log n and log T , such that
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FIG. 6. The decoherence function (18) as a function of tem-
perature for the B0

s and B0
d systems.

where ↵ is the fine structure constant. The momentum
exchanged is:

q
2 = � 2mB0E

2(1 � cos ✓)

mB0 + E(1 � cos ✓)
' �4E

2 sin2
✓

2
, (37)

where E is the energy of the incoming electron. We can
therefore rewrite the di↵erential cross section as:

d �

d q2
= � 2 ⇡

↵
2

18
hr2

B0
i2

✓
1 +

q
2

4E2

◆
. (38)

Upon integration we obtain the total scattering cross sec-
tion

� =

Z
0

�4E2

d �

d q2
d q

2 = ↵
2

2⇡

9
hr2

B0
i2 E

2
. (39)

By substituting the energy E by its average in the early
Universe; E ⇠ 3T , we obtain the thermally averaged rate
for this process:

�e±B0!e±B0
⌘ h�vine ' �(E = 3T ) ne(T ) (40)

' 10�11 GeV

✓
T

20 MeV

◆5 ✓ hr2

B0
i

0.187

◆2

.

Notice that the e
±

B0 ! e
±

B0 scattering rate will be
higher than the Bs oscillation rate �mBs = 1.17 ⇥
10�11 GeV for temperatures above ⇠ 20 MeV and there-
fore through the Zeno e↵ect electron/positrons scatter-
ings will damp the B

0-B̄0 oscillations. An identical anal-
ysis applies for the Bd oscillations, but since �mBd =
3.34 ⇥ 10�13 GeV oscillations will only be e�cient for
T < 10 MeV. We note that the rate calculated in (40)
has a very strong temperature dependence and therefore
is fairly independent on possible unaccounted details in
the B0 form factor. In Figure 6 we show the resulting de-
coherence function (18) for the Bs and Bd systems given
the interaction rate in (40) and the B-meson mass difer-
ences.

2. Do B Mesons Decay or Annihilate?

In the Boltzmann equations of Section IIIA, we have
omitted the possibility that B mesons annihilate prior
to their decay into the dark sector. In this subsection,
we explicitly show that, at the temperatures of interest
T ⇠ 20 MeV, this is indeed a valid approximation. Ad-
ditionally, we now determine in which range of tempera-
tures will the decays dominate over annihilations.

Since the � particle decays at the same rate to B

and B̄, we can assume that nB = nB̄ upon hadroniza-
tion. In reality, due to CP-violating oscillations, nB '
(1 + 10�3)nB̄ , but this will not impact the calculation at
hand. The Boltzmann equation that governs the the B

number density is:

dnB

dt
+ 3HnB = ��Br�!Bn� � �BnB � h�vin2

B
. (41)

Equation (41) involves very di↵erent time scales, and its
numerical solution will require time steps of t < 1/�B –
which are 10�10 smaller than those of the � lifetime.

We determine if a produced B meson will decay or
annihilate as follows: integrate Equation (41) with only
the first term on the right hand side (so that we ignore
both B decay and oscillation), this will give us the maxi-
mum number density of B’s prior to decay �nB . We can
then compare the B decay and the annihilation rates,
in order to determine which one dominates. Integration
of the first term in Equation (41) in the time interval
t ! t + 1/�B leads to:

�nB =

Z
t+1/�B

t

dnB

dt
(t0)dt

0 (42)

=

Z
t+1/�B

t

��n�(t0)dt
0 =

��

�B

n�(t) .

So that now, we can clearly compare the decay and an-
nihilation rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
, (43)

When solving numerically for the � number density we
found that even with an annihilation cross section of
h�vi = 10mb, the decay rate overcomes the annihila-
tion rate for T & 60 MeV even for �� = 10�21 GeV (and
T & 120 MeV for �� = 10�22 GeV). Thus, for practical
purposes it is safe to ignore the e↵ect of annihilations in
the Boltzmann equations.

B meson annihilations 

(numerically negligible)
B meson decaysProduction of B-mesons 

from reheaton decay

2 Baryon Asymmetry and Dark matter production in the early Universe

2.1 Full time dependence evolution

The particles relevant for the discussion are, �, ⇠, � and radiation (�, e±, ⌫, +...). The evolution
equations that govern their number densities or energy densities are

H
2 ⌘
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a

da

dt

◆2

=
8⇡

3mPl

(⇢rad +m�n�) (2.1)

dn�

dt
+ 3Hn� = ���n� (2.2)

d⇢rad

dt
+ 4H⇢rad = +��m�n� (2.3)

dn⇠

dt
+ 3Hn⇠ = +��Br(� ! B̄B) Br(B ! ⇠�)n� � h�vi⇠(n2

⇠
� n

2
eq,⇠

) (2.4)

dn�+�?

dt
+ 3Hn�+�? = +��Br(� ! B̄B) Br(B ! ⇠�)n�+�? � h�vi�(n2

�+�? � n
2
eq,�+�?) (2.5)

d(n� � n�?)

dt
+ 3H(n� � n�⇤) = 2��Br(� ! B̄B)Br(B ! ⇠�)A`` n� (2.6)

where here Br(� ! B̄B) ' 1/3 based on SU(3) symmetry. A`` is the leptonic asymmetry. Note
that the baryon asymmetry is entirely fixed by the product Br(B ! ⇠�)A``, however the dark matter
abundance is sourced by Br(� ! B̄B)Br(B ! ⇠�). Therefore, the lower Br(B ! ⇠�) the lower dark
matter will be generated. This means, that for fixed product, lower values of Br(B ! ⇠�) will imply
a smaller annihilation cross section between the dark matter particles and another species in order to
reduce their number density. Finally, it is useful to solve the set of equations in terms of temperature T
instead of time. In order to do so, from the energy conservation equation one can write such equation
as [3–6]

dT

dt
= �3H(⇢SM + pSM )� ��n�m�

d⇢SM/dT
(2.7)

which for temperatures above the neutrino decoupling is simplified to

dT

dt
= ��4Hg?,ST

4 + (30/⇡2)⇥ ��m�n�

T 4g?(1 +
d log g?

d log T
)

(2.8)

which is valid for temperatures T > 3MeV since neutrinos are still coupled to the plasma. This
equation can be traded with 2.3. We use the number of relativistic species contributing to entropy
and energy from [7]. Finally, since the dark matter particles are m & 1GeV we can safely neglect
the inverse scatterings in their Boltzmann equations (n2

eq
term). Lets note that in practice we solve

the equations for log n and log T since that change of variables makes the integration numerically
straightforward. Note that d logn

d log T
= T

n

dn

dT
. As an example the equation for the n� becomes

d log n�

d log T
= � (3H + ��)

T

dT/dt
(2.9)
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III. BARYON ASYMMETRY AND DARK
MATTER PRODUCTION IN THE EARLY

UNIVERSE

Using the explicit model of Sec. II B, we now perform
a quantitative computation of the relic baryon number
and DM densities. We will show that it is indeed pos-
sible to produce enough CPV from B meson oscillations
to explain the measured baryon asymmetry in the early
Universe. Interestingly, there will be a region of parame-
ter space where the positive SM asymmetry in B

0
s

oscil-
lations is alone, without requiring new physics contribu-
tions, su�cient to generate the matter-antimatter asym-
metry. Additionally, we will see that a large parameter
space exists that can accommodate the measured DM
abundance. To study the interplay between production,
decay, annihilation and radiation in the era of interest we
study the corresponding Boltzmann equations.

A. Boltzmann Equations

The expected baryon asymmetry and DM abundance
are calculated by solving Boltzmann equations that de-
scribe the number and energy density evolution of the
relevant particles in the early Universe: the late decay-
ing scalar �, the dark particles ⇠, �, �? and radiation
(�, e±

, ⌫, ...). The processes of hadronization, oscilla-
tions and decay happen very rapidly compared with the
� lifetime; therefore allowing for approximations that sig-
nificantly simplify the Boltzmann equations. We justify
these assumptions below and in Appendix 2.

Radiation and the Inflaton

First we describe the evolution of � and its interplay
with radiation. � need not be the Inflaton, but for sim-
plicity we assume that at times much earlier than 1/��,
the energy density of the Universe was dominated by non-
relativistic � particles, and that all of the radiation and
matter of the current Universe resulted from � decays.
Furthermore, the inflaton decay products are very rapidly
converted into radiation, and as such the Hubble param-
eter during the era of interest is:

H
2 ⌘

✓
1

a

da

dt

◆2

=
8⇡

3m
2

Pl

(⇢rad + m�n�) . (8)

The Boltzmann equations describing the evolution of
the inflaton number density and the radiation energy
density read:

dn�

dt
+ 3Hn� = ���n� , (9)

d⇢rad

dt
+ 4H⇢rad = ��m�n� , (10)

where the source terms on the right-hand side of (9) de-
scribe the � decays which cause the number density of
� to decrease as energy is being dumped into radiation.
Note that if we pick an initial time t ⌧ 1/��, then ⇢rad is
small enough that there is no sensitivity to initial condi-
tions and may set ⇢rad = 0. In practice, we assume that
at some high T > m�, � was in thermal equilibrium with
the plasma and that at some temperature Tdec it decou-
ples; fixing the � number density to n� (Tdec) = ⇣(3)

⇡2 T
3

dec
.

This number density serves as our the initial condition
and is subsequently evolved using Equation (9). For nu-
meric purposes, we assume that the scalar decouples at
Tdec = 100GeV. We note that, as expected, our results
will not be sensitive to the exact decoupling temperature
provided Tdec > 15 GeV i.e. when all the SM particles
except the top, Higgs and Electroweak bosons are still
relativistic.

Dark Sector

The Boltzmann equation for the dark Majorana
fermion ⇠, the main DM component in our model when
m⇠ < m�, reads:

dn⇠

dt
+ 3Hn⇠ = �h�vi⇠ (n2

⇠
� n

2

eq,⇠
) + 2 �B

�
n� , (11)

where we have assumed that the processes of b/b̄ pro-
duction, hadronization and decay to the dark sector (see
Appendix 2), all happen very rapidly on times scales
of interest i.e. the  particle production and subsequent
decay happens rapidly and completely and we need not
track the  abundance. Therefore, the second term
on the right hand side of Equation (11) entirely ac-
counts for the dark particle production via the decays
� ! BB̄ ! dark sector + visible, and so we have de-
fined:

�B

�
⌘ �� ⇥ Br(B ! �⇠ + Baryon + X) . (12)

Here �� is the � decay width, and Br(B ! �⇠+Baryon+
X) is the inclusive branching ratio of B mesons into a
baryon plus DM.

The b quarks and anti-quark within all flavors of B

mesons and anti-mesons (both neutral and charged B
0

d,s

and B
±), will contribute to the ⇠ abundance via de-

cays through the operators in Equations (3) and (4).
Therefore, in Equation (11), we have implicitly set the
branching fraction of � into charged and neutral B

mesons: Br(� ! B̄B) = 1. Note that only the neu-
tral B

0

d,s
mesons can undergo CP violating oscillations

thereby contributing to the matter-antimatter asymme-
try. Therefore, we should account for the branching frac-
tion into B

0

s,d
mesons and anti-mesons when considering

the asymmetry.
The first term on the right hand side of Equation (11)

allows for additional interactions, whose presence we re-
quire to deplete the symmetric DM component as dis-
cussed above.

Production and annihilation of dark matter
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For the region in parameter space where m⇠ > m�,
DM is composed of the scalar baryons and anti-baryons,
and the DM relic abundance is found by solving for the
symmetric component, namely:

dn�+�⇤

dt
+ 3 H n�+�⇤ = � 2 �B

�
n� (13)

� 2 h�vi�

�
n

2

�+�⇤ � n
2

eq, �+�⇤
�

.

Analogously to the Boltzmann equation describing the
⇠ evolution, the second term on the right hand side of
Equation (13) accounts for possible dark sector interac-
tions and self-annihilations, while the first term describes
dark particle production via decays. Again we assume
the  fermion decays instantaneously, and DM can be
produced from the decay of both neutral and charged B

mesons and anti-mesons.
As previously discussed, DM generically tends to be

overproduced in this set-up. Additional interactions are
required to deplete the DM abundance in order to re-
produce the observed value. Whether the DM is com-
prised primarily of ⇠ or �+�

⇤, the scattering term in the
Boltzmann equations allows for the dark particle abun-
dance to be depleted by annihilations into lighter species.
In our model, the thermally averaged annihilation cross
sections for the fermion and scalar will receive contribu-
tions from � � ⇠ generated by the Yukawa coupling of
Equation (4) (see Appendix 3 for rates). This interac-
tion will transform the heavier dark particle population
into the lighter DM state. The annihilation term can,
in general, receive contributions from additional interac-
tions. Therefore, when solving the Boltzmann equations,
we simply parametrize additional contributions to h�vi⇠

and h�vi�+�⇤ by a free parameter. In Sec. V, we will
outline a couple of concrete models that accommodate a
depletion of the symmetric DM component.

We have derived Equation (13) by tracking the particle
and anti-particle evolution of the complex � scalar using
the following Boltzmann equations:

dn�

dt
+ 3Hn� = �h�vi�(n�n�? � neq,�neq,�?) (14)

+ �B

�
n� ⇥

"
1 +

X

q

A
q

``
Br(b̄ ! B

0

q
) f

q

deco

#
,

where we sum over contributions from B
0

q=s,d
oscillations.

Likewise,

dn�?

dt
+ 3Hn�? = �h�vi�(n�n�? � neq,�neq,�?) (15)

+ �B

�
n� ⇥

"
1 �

X

q

A
q

``
Br(b̄ ! B

0

q
) f

q

deco

#
.

Since the the � and �
⇤ particles are produced via sev-

eral combinations of meson/anti-meson oscillations and
decays, we encapsulate the corresponding decay width
di↵erence in a quantity A

q

``
(defined explicitly below in

Equation (17)), which is a measure of the CPV in the

B
0

d
and B

0
s

systems. A
q

``
is weighted by a function f

q

deco

describing decoherence e↵ects – these will play a critical
role in the evolution of the matter-antimatter asymmetry
as we discuss below. For the symmetric DM component,
the solution of Equation (13), the dependance on A

q

``

cancels o↵ as expected.
Finally, note that Equations (13) and (11) hold in the

regime where the two masses m� and m⇠ are significantly
di↵erent. For the case where m� ⇠ m⇠ coannihilations
become important i.e. there will be rapid �+�

⇤ $ ⇠+ ⇠

processes mediated by  which will enforce a relation be-
tween n⇠ and n�+�⇤ . Specifically, in the non-relativistic
limit n⇠/n� = exp (m� � m⇠)/TD, so that the equilib-
rium abundance depends on the dark sector tempera-
ture. It is reasonable to consider a construction where
TD < |m� � m⇠|, so that it is justified to set the equi-
librium abundance of the heavier particle to zero. How-
ever, since coannihilations represents a very small branch
in our parameter space, for simplicity and generality, we
simply assume we are far from the regime where coanni-
hilations e↵ects are important so that we can solve Equa-
tions (11), (14) and (15) for the dark sector particle abun-
dances.

Baryon Asymmetry

The Boltzmann equation governing the production of
the baryon asymmetry is simply the di↵erence of the par-
ticle and anti-particle scalar baryon abundances Equa-
tion (14) and Equation (15):

d(n� � n�?)

dt
+ 3 H(n� � n�⇤)

= 2 �B

�

X

q

Br(b̄ ! B
0

q
) A

q

``
f

q

deco
n� , (16)

where we must consider contributions from decays
of the b̄ anti-quarks/quarks within both B

0

d
and B

0
s

mesons/anti-mesons: we take the branching fraction for
the production of each meson to be Br(b̄ ! B

0

d
) = 0.4

and Br(b̄ ! B
0
s
) = 0.1 according to the latest esti-

mates [4].
Interestingly, we see from integrating Equation (16)

that the baryon asymmetry is fixed by the product A
q

``
⇥

Br(B0
q

! ⇠�+ Baryon + X) – a measurable quantity at
experiments. In particular, A

q

``
is defined as:

A
q

``
=

�
�
B̄

0
q

! B
0
q

! f
�

� �
�
B

0
q

! B̄
0
q

! f̄
�

�
�
B̄0

q
! B0

q
! f

�
+ �

�
B0

q
! B̄0

q
! f̄

� , (17)

which is directly related to the CPV in oscillating neu-
tral B meson systems. Here f and f̄ are taken to be
final states that are accessible by the decay of b/b̄ only.
Note that as defined, Equation (17) corresponds to the
semi-leptonic asymmetry (denoted by A

q

SL
in the litera-

ture) in which the final state may be tagged. However,
at low temperatures and in the limit when decoherence
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rium abundance depends on the dark sector tempera-
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we simply parametrize additional contributions to h�vi⇠
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Is Standard model 
CPV sufficient? 

• SM charge asymmetry in Bd is negative (wrong sign)

• SM charge asymmetry in Bs is positive (but small)

• Decoherence effects much larger for Bd (because they oscillate 
more slowly) so asymmetry from Bs dominates

• Detailed computations—not quite. Still need some small new 
contribution to Bs mixing (can make consistent with B CPV 
observations)

2

cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
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and B̄
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mesons which quickly undergo CPV oscillations

before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅

0
and missing energy. [ME: Changed the diagram

to the ⌅
0
baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B0�B̄0 oscillations [12].
Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B
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Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
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chirality conservation for light fermions, the scalar parti-
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quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
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[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries

2

cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram

to the ⌅0
baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.

This paper is organized as follows [GE: fill in]. In
Sec. II we introduce our general set-up. In Sec. III [GE:
Fill in]

b b u

s s s

s

�

⇠

W

W

 

Y

B
0
s

⌅
0

FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
cay occurs when the temperature of the Universe
is within the range TBBN < T < TQCD, so that the
produced b and b̄ hadronize and so baryogenesis can
take place prior to nucleosynthesis.

• A large fraction of b quarks and anti-quarks
hadronize into neutral B0 mesons and anti-mesons
B̄

0.

• The neutral mesons undergo CP violating oscil-
lations. Critically, the oscillations must occur
faster than the B-meson decoherence or annihila-
tion rates.

• The dark sector contains a stable particle or parti-
cle that carries baryon number.

• Total Baryon number is conserved.

• B mesons can decay into visible baryons plus dark
sector particles with opposite baryon number.

An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
other heavy particles such as top quarks or Higgs bosons
which then decay to b quarks and antiquarks. If � decays
late enough the b quarks will hadronize before they decay,
mostly into B mesons. Upon hadronization the neutral
B mesons undergo CP violating B

0�B̄
0 oscillations [12].

Provided the mesons have decays that produce baryons
and dark matter, the CPV from these oscillations can
lead to a matter/antimatter asymmetry in both the vis-
ible and the dark sectors. The total baryon number of
the universe, which is carried by both visible and dark
sectors, remains zero. [GE: I am not sure about the
organization of the above two paragraphs]
[GE: edit in somewhere in this section] Due to

chirality conservation for light fermions, the scalar parti-
cles mainly decay to massive particles such as t quarks, b
quarks, weak bosons, and/or Higgs bosons. Therefor all
of our produced particles will be either b quarks or have
prompt decay modes with substantial branching fractions
into b-quarks.
Our model is similar to that of ref. [11], but di↵ers

in the key respect that we impose baryon number con-
servation. To allow for a renormalizable interaction be-
tween the visible and dark sectors we introduce a scalar
Y which is a color triplet and has charge �1/3 and car-
ries the baryon number -2/3. For instance Y could be
a squark in a theory with U(1)R symmetry but baryon
number violating R-parity violation [GE: ?], so that a
linear combination of the standard model baryon num-
ber and U(1)R is conserved and may be called baryon
number [13]. The mass of Y is taken to be around 1 TeV
and we may integrate it out of the e↵ective theory. We
also introduce a neutral Dirac fermion  which carries
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cleon decay ([11] had to assume a very particular flavor
structure of the baryon number violation in order to these
avoid constraints). Additionally the scenario of [11] had
severe constraints in the early universe from decoherence
of the neutral baryons due to magnetic moment scatter-
ing o↵ of e±. Since the present work is concerned with
spinless mesons, which do not have magnetic moments,
the only decoherent scattering of the B mesons is from
the charge radius which gives a smaller cross section.
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FIG. 1: An example illustrating the process by which we gen-
erate a baryon asymmetry and DM relic abundance. b-quarks
and anti-quarks produced during a typically late era in the
history of the early universe, T ⇠ O(MeV), hadronize into
B0 and B̄0 mesons which quickly undergo CPV oscillations
before decaying out of thermal equilibrium into dark sector
scalar baryons � and Majorana fermions �. In this way B-
factories can search for B-meson decaying into baryons, in this
case a ⌅0 and missing energy. [ME: Changed the diagram
to the ⌅0 baryon] [GE: OK]

II. THE MODEL

We summarize the key components of our scenario:
[GE: Can we move this back in into the intro?]

• A late decaying heavy particle � produces b quarks
and anti-quarks symmetrically; nb = n̄b. The de-
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• A large fraction of b quarks and anti-quarks
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• B mesons can decay into visible baryons plus dark
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An example process is depicted in Fig. I.
A minimal example of a dark sector includes Dirac

and Majorana fermions known as  and ⇠, and a scalar
baryon �, none of which carry the standard model gauge
interactions. DM is assumed to be stabilized under a
discrete Z2 symmetry, and proton decay is forbidden by
kinematics. Additional particles and interactions may be
present in the dark sector, but we will remain agnostic
about these details for the majority of this work.
There are many reasons to consider that a long lived

weakly coupled massive scalar particle � could dominate
the energy density of the early universe after inflation
and prior to Big Bang nucleosynthesis. � could be an
inflaton field, a string modulus, or some other particle
resulting from preheating. We remain agnostic as to its
actual nature, but for simplicity we will call � the infla-
ton and assume that � decays into directly into a b quark
and antiquark. Our mechanism will work the same way
if � is produced after inflation and if � decays to some
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late enough the b quarks will hadronize before they decay,
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Provided the mesons have decays that produce baryons
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ible and the dark sectors. The total baryon number of
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factories can search for B-meson decaying into baryons, in this
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and antiquark. Our mechanism will work the same way
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FIG. 3: Evolution of comoving number density of various components for the benchmark points we consider in Table II:
{m�, ��, Br(B ! ⇠� + Baryon), m , yd} = {25.5 GeV, 10�22 GeV, 5.6 ⇥ 10�3, 3.3 GeV, 0.3}. The left panel corresponds the
DM mainly composed of Majorana ⇠ particles, as we take m⇠ = 1 GeV and m� = 1.5 GeV. We take both the B0

s and B0
d

contributions to the leptonic asymmetry to be positive, As

`` = 10�4 = Ad

``. The change in behavior of the asymmetric yield
at T ⇠ 15 MeV corresponds to decoherence e↵ects spoiling the B0

d oscillations while B0
s oscillations are still active. The right

panel corresponds to the DM being composed mainly of dark baryons � + �⇤, with m� = 1.3 GeV and m⇠ = 1.8 GeV. We now
take As

`` = 10�3, and Ad

`` = Ad

``

SM = �4.2 ⇥ 10�4 – the dip in the asymmetry can be understood from the negative value of
Ad

`` chosen in this case to correspond to the SM prediction. Both benchmark points reproduce the observed DM abundance
⌦DMh2 = 0.12, and baryon asymmetry YB = 8.7 ⇥ 10�11. [GE: Gilly will beautify]
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The parameter space of our model includes the parti-
cle masses, the inflation decay width, the dark Yukawa
coupling, the branching ratio of B mesons to DM and
a hadrons, the leptonic asymmetry, and the dark sector
annihilation cross sections. Table. II summarizes the pa-
rameters and the range of over which they are allowed to
vary taking into account all constraints.

DM masses are constrained by kinematics, proton and
neutron star stability – Equations (5), (6) and (7). We
take the Yukawa coupling in the dark sector to be 0.3
since this value enables an e�cient depletion of the heav-
ier DM state to the lower one, thus simplifying the phe-
nomenology. For su�ciently lower values of this coupling
we may require interactions of both the ⇠ and � states
with additional particles.

The current bounds [4] on the leptonic asymmetry read
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While there is no direct search for the branching ratio
Br(B0
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! ⇠� + Baryon + X), we can constrain the range

of experimentally viable values. For instance, in the
example of Figure 2 where the produced baryon is a
⇤ = |u s si, we can, based on the B

+ decay to cX, set
the bound Br(B ! ⇠� + Baryon) < 0.1 at 95% CL.
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1 RPI Transformations

m� < m⇠ m⇠ < m�

⇠̃↵⇠↵ = 1 = �⇠↵⇠̃↵ and ⇠⇠ = 0 = ⇠̃⇠̃. Under RPI:

⇠ ����!
RPI-I

⇠ , ⇠̃ ����!
RPI-I

⇠̃ ± I ⇠ , (1.1)

⇠ �����!
RPI-II

⇠ ± II ⇠̃ , ⇠̃ �����!
RPI-II

⇠̃ , (1.2)

⇠ �����!
RPI-III

e�III/2 ⇠ , ⇠̃ �����!
RPI-III

eIII/2 ⇠̃ , (1.3)

where either sign choice preserves orthogonality.

Lets match to the usual SCET notation. Under RPI-I:

n̄µ = ⇠�µ⇠† ����!
RPI-I

n̄µ (1.4)

nµ = ⇠̃�µ⇠̃† ����!
RPI-I

nµ ± I⇠�
µ⇠̃† ± ⇤

II⇠̃�
µ⇠† ⌘ nµ +�µ

? (1.5)

�? · @ = ± (Id? + ⇤
Id

⇤
?) (1.6)

Under RPI-II:

n̄µ = ⇠�µ⇠† ����!
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����!
RPI-I

n̄µ ± II⇠̃�
µ⇠† ± ⇤

II⇠�
µ⇠̃† ⌘ n̄µ + ✏µ? (1.7)

nµ = ⇠̃�µ⇠̃† �����!
RPI-II

n̄µ (1.8)

✏? · @ = ± (IId⇤
? + ⇤

IId?) (1.9)

[GE: I’m not sure why we originally chose a sign discrepancy - either sign is

valid. Should we stick to what we have or change to all positive? ]

Lets check the transformations of the d s:

d = ⇠↵(� · @)↵↵̇ ⇠†↵̇ ����!
RPI-I

d , (1.10)

d̃ = ⇠̃↵(� · @)↵↵̇ ⇠̃†↵̇ ����!
RPI-I

d̃ ± ⇤
Id
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? ± Id? , (1.11)

d? = ⇠↵(� · @)↵↵̇ ⇠̃†↵̇ ����!
RPI-I

d? ± ⇤
Id , (1.12)
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? = ⇠̃↵(� · @)↵↵̇ ⇠†↵̇ ����!

RPI-I
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? ± Id.

d = ⇠↵(� · @)↵↵̇ ⇠†↵̇ �����!
RPI-II

d ± IId⇤
? ± ⇤

IId? , (1.13)

d̃ = ⇠̃↵(� · @)↵↵̇ ⇠̃†↵̇ �����!
RPI-II

d̃, (1.14)
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`` = 10�4 = Ad

``. The change in behavior of the asymmetric yield
at T ⇠ 15 MeV corresponds to decoherence e↵ects spoiling the B0

d oscillations while B0
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panel corresponds to the DM being composed mainly of dark baryons � + �⇤, with m� = 1.3 GeV and m⇠ = 1.8 GeV. We now
take As
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FIG. 3: Evolution of comoving number density of various components for the benchmark points we consider in Table II:
{m�, ��, Br(B ! ⇠� + Baryon), m , yd} = {25.5 GeV, 10�22 GeV, 5.6 ⇥ 10�3, 3.3 GeV, 0.3}. The left panel corresponds the
DM mainly composed of Majorana ⇠ particles, as we take m⇠ = 1 GeV and m� = 1.5 GeV. We take both the B0

s and B0
d

contributions to the leptonic asymmetry to be positive, As

`` = 10�4 = Ad

``. The change in behavior of the asymmetric yield
at T ⇠ 15 MeV corresponds to decoherence e↵ects spoiling the B0

d oscillations while B0
s oscillations are still active. The right

panel corresponds to the DM being composed mainly of dark baryons � + �⇤, with m� = 1.3 GeV and m⇠ = 1.8 GeV. We now
take As

`` = 10�3, and Ad

`` = Ad

``

SM = �4.2 ⇥ 10�4 – the dip in the asymmetry can be understood from the negative value of
Ad

`` chosen in this case to correspond to the SM prediction. Both benchmark points reproduce the observed DM abundance
⌦DMh2 = 0.12, and baryon asymmetry YB = 8.7 ⇥ 10�11. [GE: Gilly will beautify]

d log n

d log T
= T

n

dn

dT
. Note, that we also convert to the conve-

nient yield variables Yx = nx/s.

The parameter space of our model includes the parti-
cle masses, the inflation decay width, the dark Yukawa
coupling, the branching ratio of B mesons to DM and
a hadrons, the leptonic asymmetry, and the dark sector
annihilation cross sections. Table. II summarizes the pa-
rameters and the range of over which they are allowed to
vary taking into account all constraints.

DM masses are constrained by kinematics, proton and
neutron star stability – Equations (5), (6) and (7). We
take the Yukawa coupling in the dark sector to be 0.3
since this value enables an e�cient depletion of the heav-
ier DM state to the lower one, thus simplifying the phe-
nomenology. For su�ciently lower values of this coupling
we may require interactions of both the ⇠ and � states
with additional particles.

The current bounds [4] on the leptonic asymmetry read
A

d

``
= �0.0021 ± 0.0017 and A

s

``
= �0.0006 ± 0.0028 for

the B
0

d
and B

0
s

systems respectively. Note that these
values allow for additional new physics contributions
beyond those expected from the SM alone: A

s

``
|SM =

(2.22 ± 0.27) ⇥ 10�5 and A
d

SL
|SM = (�4.7 ± 0.6) ⇥ 10�4.

While there is no direct search for the branching ratio
Br(B0

q
! ⇠� + Baryon + X), we can constrain the range

of experimentally viable values. For instance, in the
example of Figure 2 where the produced baryon is a
⇤ = |u s si, we can, based on the B

+ decay to cX, set
the bound Br(B ! ⇠� + Baryon) < 0.1 at 95% CL.
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1 RPI Transformations

m� < m⇠ m⇠ < m�

⇠̃↵⇠↵ = 1 = �⇠↵⇠̃↵ and ⇠⇠ = 0 = ⇠̃⇠̃. Under RPI:

⇠ ����!
RPI-I

⇠ , ⇠̃ ����!
RPI-I

⇠̃ ± I ⇠ , (1.1)

⇠ �����!
RPI-II

⇠ ± II ⇠̃ , ⇠̃ �����!
RPI-II

⇠̃ , (1.2)

⇠ �����!
RPI-III

e�III/2 ⇠ , ⇠̃ �����!
RPI-III

eIII/2 ⇠̃ , (1.3)

where either sign choice preserves orthogonality.

Lets match to the usual SCET notation. Under RPI-I:

n̄µ = ⇠�µ⇠† ����!
RPI-I

n̄µ (1.4)

nµ = ⇠̃�µ⇠̃† ����!
RPI-I

nµ ± I⇠�
µ⇠̃† ± ⇤

II⇠̃�
µ⇠† ⌘ nµ +�µ

? (1.5)

�? · @ = ± (Id? + ⇤
Id

⇤
?) (1.6)

Under RPI-II:

n̄µ = ⇠�µ⇠† ����!
RPI-I

����!
RPI-I

n̄µ ± II⇠̃�
µ⇠† ± ⇤

II⇠�
µ⇠̃† ⌘ n̄µ + ✏µ? (1.7)

nµ = ⇠̃�µ⇠̃† �����!
RPI-II

n̄µ (1.8)

✏? · @ = ± (IId⇤
? + ⇤

IId?) (1.9)

[GE: I’m not sure why we originally chose a sign discrepancy - either sign is

valid. Should we stick to what we have or change to all positive? ]

Lets check the transformations of the d s:

d = ⇠↵(� · @)↵↵̇ ⇠†↵̇ ����!
RPI-I

d , (1.10)

d̃ = ⇠̃↵(� · @)↵↵̇ ⇠̃†↵̇ ����!
RPI-I

d̃ ± ⇤
Id

⇤
? ± Id? , (1.11)

d? = ⇠↵(� · @)↵↵̇ ⇠̃†↵̇ ����!
RPI-I

d? ± ⇤
Id , (1.12)

d⇤
? = ⇠̃↵(� · @)↵↵̇ ⇠†↵̇ ����!

RPI-I
d⇤
? ± Id.

d = ⇠↵(� · @)↵↵̇ ⇠†↵̇ �����!
RPI-II

d ± IId⇤
? ± ⇤

IId? , (1.13)

d̃ = ⇠̃↵(� · @)↵↵̇ ⇠̃†↵̇ �����!
RPI-II

d̃, (1.14)
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Results



• Interesting observables:


• semileptonic charge asymmetry asld (asymmetry between b and b̅ quarks at time of decay)


• (b̅→diquark + dark matter) ⇒B meson → Baryon+ dark matter+ mesons


• BAU ∝ (fd asld + fs asls)Br (B meson → Baryon+ dark matter+…)


• fd,s=fraction of b quarks which hadronize as Bd,s mesons times decoherence function

lower bound on 
new B physics

!19
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11� 100GeV

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)

⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

Minimal Particle Content B-mesons decay into ME and a Baryon

Experimental Prospects:  
B Meson Decays

• Direct searches for charged and neutral B meson decay

Baryogenesis and DM from B Mesons KCL 24-10-18Miguel Escudero (KCL)

• Current bounds are very mild:  
and simply come because we do not have a charm in the final state (PDG)

Prospects on the observables

26

Br(B ! �⇠ + Baryon +X) = 5⇥ 10�4 � 0.1

Br(B ! �⇠ + Baryon +X) < 0.1

• Direct searches on                                   (both charged and neutral) 
 
   B-factories have a good handle on missing energy e.g.: 
    
   Constraints from old BaBar and Belle data are possible, Belle-II will be able too.

The branching fraction can be constrained by:

Br(B ! K⌫⌫) < 10�5

• Inclusive measurement of  
 
that will indirectly constraint the model

Br(B ! Baryon +X)

B ! �⇠ + Baryon +X

• Baryogenesis requires:

B meson decays into missing energy and a Baryon

Belle-II, possibly old constraints from 
BaBar and Belle data

Baryogenesis and DM from B Mesons KCL 24-10-18Miguel Escudero (KCL)

An Explicit Model
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Heavy Colored Scalar:

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

Heff =
yuby s
m2

Y

u s b 

Br(B ! ⇠�+ Baryon) ' 10�3

✓
mB �m 

2 GeV

◆4 ✓1 TeV

mY

p
yuby s
0.53

◆4

Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11� 100GeV

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)

⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

Minimal Particle Content B-mesons decay into ME and a Baryon

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

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

(dijet/squark)mY > 0.5� 1TeV

�B = 0
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Prospects on the observables

27

b-flavored 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:

• Search of b-flavored baryon decays into mesons and DM: 
b-flavored baryons are not produced at B-factories

Very recently the LHCb collaboration 
(1809.07752) has identified ~23000 
candidates in this channel.
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Experimental Prospects:  
Exotic b-flavored baryon decays
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b-flavored 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:

• Search of b-flavored baryon decays into mesons and DM: 
b-flavored baryons are not produced at B-factories

Very recently the LHCb collaboration 
(1809.07752) has identified ~23000 
candidates in this channel.
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3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (4):

��?�!⇠⇠ =
y
4

d
(m⇠ + m )2 [(m� � m⇠) (m⇠ + m�)]

3/2

2⇡m
3

�

⇣
�m

2

⇠
+ m

2

 
+ m

2

�

⌘2
,

�⇠⇠!�?�|m�!0 =
v
2
y
4

d

48⇡
⇣
m

2

⇠
+ m

2

 

⌘4
⇥ (44)

⇥
2m

5

⇠
m + 5m

4

⇠
m

2

 
+ 8m

3

⇠
m

3

 

+ 9m
2

⇠
m

4

 
+ 6m⇠m

5

 
+ 3m

6

⇠
+ 3m

6

 

⇤
.

4. B Meson Decay Operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus DM, and for ⇤b baryons decaying to
mesons and DM. Note that the mass di↵erence between
final and initial state for the B-mesons will give an upper
bound on the dark Dirac fermion  mass. In Table III we
list the minimum hadronic mass states for each operator.

Operator Initial State Final state �M (MeV)

 b u s

Bd  + ⇤ (usd) 4163.95

Bs  + ⌅0 (uss) 4025.03

B+  + ⌃+ (uus) 4089.95

⇤b  ̄ + K0 5121.9

 b u d

Bd  + n (udd) 4340.07

Bs  + ⇤ (uds) 4251.21

B+  + p (duu) 4341.05

⇤b  ̄ + ⇡0 5484.5

 b c s

Bd  + ⌅0
c (csd) 2807.76

Bs  + ⌦c (css) 2671.69

B+  + ⌅+
c (csu) 2810.36

⇤b  ̄ + D� + K+ 3256.2

 b c d

Bd  + ⇤c + ⇡� (cdd) 2853.60

Bs  + ⌅0
c (cds) 2895.02

B+  + ⇤c (dcu) 2992.86

⇤b  ̄ + D
0

3754.7

TABLE III. Here we itemize the lightest possible initial and
final states for the B decay process to visible and dark sector
states resulting from the four possible operators. The diagram
in Figure 2 corresponds to the first line. The mass di↵erence
between initial and final visible sector states corresponds to
the kinematic upper bound on the mass of the dark sector  
baryon.
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b

b̄

Out of equilibrium  
late time decay CP violating oscillations

B-mesons decay into 
Dark Matter and hadrons
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And now we can clearly compare the decay and annihi-
lation rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
(45)

where in the last step we have assumed that the � field
does not completely dominate the Universe so that we
can use t ⇠ 1/(2H). When solving numerically for �
number density we found that even with an annihila-
tion cross section of h�vi = 10 mb, the decay rate over-
comes the annihilation rate for T & 100 MeV even for
�� = 10�21 GeV. Thus, for practical purposes it is safe
to ignore the e↵ect of annihilations in the Boltzmann
equation (16).

3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (5):
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4. B meson decay operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus dark matter. Note that the mass
di↵erence between final an initial state will give an upper
bound on the dark Dirac baryon  . In MeV units, the
masses of the di↵erent hadrons read: mBd = 5279.63,
mBs = 5366.89, mB+ = 5279.32, m⌅0

c
= 2471.87,

m
⌅

+
c

= 2468.96, mp = 938.27, mn = 939.56, m⇤ =
1115.68, m⌃+ = 1189.37, m⌅0 = 1314.86, m⌦c = 2695.2,
m⇤c = 2286.46 and m⇡� = 139.57. The corresponding
final state and mass di↵erences are summarized in Ta-
ble III.
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Baryogenesis 

Dark Matter

& 

⇤

reheat to 
~10 MeV

• Baryogenesis is strong motivation for (new) CPV in heavy flavors


• Search for dark matter in B meson decays to Baryon+ X+ missing


• Baryogenesis with dark matter and no baryon # violation (similar to ‘hylogenesis’)


•  Other model  (with no dark matter): search for baryon violating heavy flavor baryon 
oscillations, baryon violating heavy flavor hadron decays, long lived fermion decaying to 
3 quarks
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Constraints on semileptonic 
asymmetry

 24



New contribution to 
CPV in B mixing

 25



Flavor constraints on SUSY 
with light Dirac Bino

 26



CPV in oscillations of 
unstable states

• Only requires 2 oscillating states


• Observed in neutral kaon anti-kaon and neutral B meson-
anti-B meson oscillations


• Large effect possible when oscillation and decay rates 
comparable


•

O(1)!

!27



0.08 ps-1~5 x 10-14 GeV
Γ~4.5 x 10-13 GeV

(Dinucleon decay bound~ 10-10 GeV)

!28
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1) Annihilation into Sterile Neutrinos
• Sterile neutrinos being singlets under the SM gauge group represent a simple 

possibility for a depletion mechanism in hidden sectors (Pospelov, Ritz, Voloshin 
0711.4866) and in particular with our global symmetries (Escudero, Rius, Sanz 
1607.02373).

• Can be minimally achieved by adding one additional state:

L ⇢ yN � ̄NR + h.c. L ⇢ yN ⇠�
0
NR + h.c.

m⇠ > m� m� > m⇠

• The s-wave contribution to the annihilation cross section is quirality suppressed. 
Which means that the annihilation can be predominantly p-wave (ME, Rius, Sanz) 
and therefore relaxes the CMB constraints.

• Furthermore, if                        and mixing is only with       then the final state is 
composed out of only light neutrinos. And therefore Planck constraints would be 
fully evaded.

mN < m⇡ ⌫⌧

Possible Dark Sectors
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• New mechanism for Baryogenesis and Dark Matter from B-mesons with a low 
reheat temperature, where Baryon number is conserved, and which is testable 
at current and upcoming collider experiments.

• Dark Matter abundance requires:

h�vidark ' 25 h�viWIMP min[m�,m⇠]/GeV

• Baryon asymmetry directly related to two observables at collider experiments:
dnB

dt
+ 3HnB = 2�� n�

X

q

Br(b̄ ! B
0
q ) f

q
deco A

q
`` Br(B ! �⇠ + Baryon +X)

10�5 < Ad, s
`` < 10�3

• Distinctive experimental signatures:

• Positive leptonic asymmetry in B meson decays

• New decay mode of neutral and charged B mesons into baryons 
and missing energy

• New decay mode of b-flavored baryons into mesons and 
missing energy

Br(B ! �⇠ + Baryon +X) > 2⇥ 10�4

• Annihilation into sterile neutrinos (massive, SM singlets) 

Add dark sector particles charged under Lepton number

Make sterile neutrino very heavy and we can consider annihilation to SM neutrinos (through 
mixing). But we do not expect a detectable signal given the required annihilation rate.

13

from which;

Br(B ! ⇠�+ Baryon) ' (29)

10�3

✓
mB � m 

2 GeV

◆4 ✓
1 TeV

mY

p
yuby s

0.53

◆4

.

From Equation (2), note that Y is dominantly pair-
produced at colliders through the strong interaction. The
produced Y ’s could then decay as either Y ! ū b or
Y ! s  ̄. So that the expected collider signatures
are 4-jets (two tagged b quarks) or 2-jets plus miss-
ing energy. If the former decay dominates then 4-jet
searches [49] apply, implying a bound on the colored
scalar mass of mY > 500 GeV. While, if Y ! s ̄ domi-
nates, then s-quark searches apply for a single light quark
resulting in the bound mY > 960 GeV [49]. Such con-
straints allow for sizable Br(B ! ⇠�+ Baryon) ⇠ 10�3

with moderately large couplings
p

yuby s > 0.25, and
are thus not in tension with our model’s prediction of
Br(B ! ⇠�+ Baryon + X) = 2 ⇥ 10�4 � 0.1.

Finally, note that the Inflaton field � is too weakly
coupled to be produced at a collider.

Cosmological Constraints

Our mechanism requires a low reheat temperature
TRH ⇠ O(10 MeV). The lower bound on the reheat
temperature comes from the agreement of CMB and
BBN observations on the number of relativistic species
in the early Universe. The current bound reads TRH >

4.7 MeV [42] at 95% CL which in turn implies that
�� < 3 ⇥ 10�23 GeV ⌘ 45 s�1 at 95% CL, where we take
�� = 3H(TRH). Note that this bound is not expected to
be substantially modified by the Planck 2018 final data
release since N

2015

e↵
> 2.74 [2] and N

2018

e↵
> 2.70 [3] both

at the 95% CL.

Dark Matter Direct Detection

The DM in our scenario could scatter through pro-
tons and neutrons, as in the Hylogenesis model [14, 50],
with signatures similar to those in nucleon decay searches
(although with somewhat di↵erent kinematics). Such
searches would test for the presence of interactions that
are not needed in a minimal model for Baryogenesis.
However, the existing bounds do not constrain either
the Hylogenesis model or the mechanism presented here.
Within our model, given the interaction with the b quark,
the kinematics preclude a direct scattering to B mesons.
The scattering to lighter mesons must therefore be ac-
companied by a penalty due to a weak loop insertion,
which makes the expected rate at nucleon decay experi-
ments negligible unless a larger coupling to light quarks
exists.

V. POSSIBLE DEPLETION MECHANISMS

As discussed in Sec III, DM is initially over produced.
The DM abundance must be depleted su�ciently in order
to obtain the measured relic abundance ⌦DMh

2 = 0.12.
This requires annihilations of the dark particles with a
thermally averaged cross section of order 10�25 cm3

/s.
We will now outline some possibilities for dynamics which
can reduce the symmetric DM component.

A. Annihilations to Sterile Neutrinos

Right handed neutrinos NR, are massive singlets un-
der the SM symmetries, and as such provide a simple
possible depletion mechanism [51, 52] for the DM parti-
cles. For instance, for the case where m� < m⇠, we can
introduce another dark, heavy, Z2 odd, Dirac sterile par-
ticle  carrying both baryon and lepton number. The
interaction

L ⇢ yN � ̄NR + h.c. , (30)

allows for the DM, �, to annihilate via ��
⇤ ! N N ,

thereby depleting the abundance of the symmetric ���⇤

component. For the case where m� > m⇠, we could
deplete the excess of ⇠ particles by introducing a Z2 odd
scalar �

0
, charged under lepton number such that the

interaction:

L ⇢ yN ⇠�
0
NR + h.c. (31)

is allowed. The process ⇠ ⇠ ! N N can annihilate away
the overproduced ⇠ abundance.

The annihilation cross section to sterile neutrinos is s-
wave and as such is subject to strong constraints from
the CMB observations as measured by the Planck satel-
lite [3, 53]: h�vi

v=0
. (1 � 3) (mDM/GeV)⇥10�27 cm3

/s,
where the range depends upon the annihilation channel
(provided the annihilation is not to neutrinos). We note
that both ��

⇤ ! N N and ⇠ ⇠ ! N N processes are
s-wave but quirality suppressed [52] i.e. the s-wave con-
tribution is suppressed like (mN/mDM)2 as compared
with the p-wave. In particular, in the limit in which
m⇠, m� � mN and in which the mediators are substan-
tially heavier than the DM, the annihilation cross sec-
tions go as;

h� vi⇠⇠!NN = y
4

N

m
2

N

32⇡m
4

�0

"
1 +

2m
2

⇠

3m
2

N

v
2

#
, (32)

h� vi�?�!NN = y
4

N

m
2

N

8⇡m
4

 0

"
1 +

m
2

�

6m
2

N

v
2

#
. (33)

So that in this limit the p-wave contribution is signifi-
cantly enhanced, and CMB constraints are substantially
ameliorated. Additionally, the decay of sterile neutri-
nos can be to invisible particles. For instance, if the N

fermion is solely mixed with the ⌧ neutrino (the least
constrained scenario [54]), provided that mN < m⇡, the
decay will entirely be to 3 ⌫, and CMB constraints are
fully evaded.
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From Equation (2), note that Y is dominantly pair-
produced at colliders through the strong interaction. The
produced Y ’s could then decay as either Y ! ū b or
Y ! s  ̄. So that the expected collider signatures
are 4-jets (two tagged b quarks) or 2-jets plus miss-
ing energy. If the former decay dominates then 4-jet
searches [49] apply, implying a bound on the colored
scalar mass of mY > 500 GeV. While, if Y ! s ̄ domi-
nates, then s-quark searches apply for a single light quark
resulting in the bound mY > 960 GeV [49]. Such con-
straints allow for sizable Br(B ! ⇠�+ Baryon) ⇠ 10�3

with moderately large couplings
p

yuby s > 0.25, and
are thus not in tension with our model’s prediction of
Br(B ! ⇠�+ Baryon + X) = 2 ⇥ 10�4 � 0.1.

Finally, note that the Inflaton field � is too weakly
coupled to be produced at a collider.

Cosmological Constraints

Our mechanism requires a low reheat temperature
TRH ⇠ O(10 MeV). The lower bound on the reheat
temperature comes from the agreement of CMB and
BBN observations on the number of relativistic species
in the early Universe. The current bound reads TRH >

4.7 MeV [42] at 95% CL which in turn implies that
�� < 3 ⇥ 10�23 GeV ⌘ 45 s�1 at 95% CL, where we take
�� = 3H(TRH). Note that this bound is not expected to
be substantially modified by the Planck 2018 final data
release since N

2015

e↵
> 2.74 [2] and N

2018

e↵
> 2.70 [3] both

at the 95% CL.

Dark Matter Direct Detection

The DM in our scenario could scatter through pro-
tons and neutrons, as in the Hylogenesis model [14, 50],
with signatures similar to those in nucleon decay searches
(although with somewhat di↵erent kinematics). Such
searches would test for the presence of interactions that
are not needed in a minimal model for Baryogenesis.
However, the existing bounds do not constrain either
the Hylogenesis model or the mechanism presented here.
Within our model, given the interaction with the b quark,
the kinematics preclude a direct scattering to B mesons.
The scattering to lighter mesons must therefore be ac-
companied by a penalty due to a weak loop insertion,
which makes the expected rate at nucleon decay experi-
ments negligible unless a larger coupling to light quarks
exists.

V. POSSIBLE DEPLETION MECHANISMS

As discussed in Sec III, DM is initially over produced.
The DM abundance must be depleted su�ciently in order
to obtain the measured relic abundance ⌦DMh

2 = 0.12.
This requires annihilations of the dark particles with a
thermally averaged cross section of order 10�25 cm3

/s.
We will now outline some possibilities for dynamics which
can reduce the symmetric DM component.

A. Annihilations to Sterile Neutrinos

Right handed neutrinos NR, are massive singlets un-
der the SM symmetries, and as such provide a simple
possible depletion mechanism [51, 52] for the DM parti-
cles. For instance, for the case where m� < m⇠, we can
introduce another dark, heavy, Z2 odd, Dirac sterile par-
ticle  carrying both baryon and lepton number. The
interaction

L ⇢ yN � ̄NR + h.c. , (30)

allows for the DM, �, to annihilate via ��
⇤ ! N N ,

thereby depleting the abundance of the symmetric ���⇤

component. For the case where m� > m⇠, we could
deplete the excess of ⇠ particles by introducing a Z2 odd
scalar �

0
, charged under lepton number such that the

interaction:

L ⇢ yN ⇠�
0
NR + h.c. (31)

is allowed. The process ⇠ ⇠ ! N N can annihilate away
the overproduced ⇠ abundance.

The annihilation cross section to sterile neutrinos is s-
wave and as such is subject to strong constraints from
the CMB observations as measured by the Planck satel-
lite [3, 53]: h�vi

v=0
. (1 � 3) (mDM/GeV)⇥10�27 cm3

/s,
where the range depends upon the annihilation channel
(provided the annihilation is not to neutrinos). We note
that both ��

⇤ ! N N and ⇠ ⇠ ! N N processes are
s-wave but quirality suppressed [52] i.e. the s-wave con-
tribution is suppressed like (mN/mDM)2 as compared
with the p-wave. In particular, in the limit in which
m⇠, m� � mN and in which the mediators are substan-
tially heavier than the DM, the annihilation cross sec-
tions go as;

h� vi⇠⇠!NN = y
4

N

m
2

N

32⇡m
4

�0

"
1 +

2m
2

⇠

3m
2

N

v
2

#
, (32)

h� vi�?�!NN = y
4

N

m
2

N
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4

 0

"
1 +

m
2

�

6m
2

N

v
2

#
. (33)

So that in this limit the p-wave contribution is signifi-
cantly enhanced, and CMB constraints are substantially
ameliorated. Additionally, the decay of sterile neutri-
nos can be to invisible particles. For instance, if the N

fermion is solely mixed with the ⌧ neutrino (the least
constrained scenario [54]), provided that mN < m⇡, the
decay will entirely be to 3 ⌫, and CMB constraints are
fully evaded.

Note: s-wave suppressed cross sections so that CMB constraints are alleviated.
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3) Additional Dark Sector states

•Additional states carrying baryon number could lead to the dark 
sector being formed by just the asymmetric component.

•Example:
• New scalar Baryon with B = 1/3: A

• Interactions can convert the excess of     particles into an excess of      particles:

L ⇢ �A3 + 0 ��⇤AA⇤ + h.c.

� A

• Which in order to get                                   will imply 

�+ �⇤ $ A+A⇤

⌦DM/⌦b = 5.36 mA ⇠ 5

3
mp ⇠ 1.6GeV

Possible Dark Sectors

• Additional dark sector states carrying baryon number
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3) Additional Dark Sector states

•Additional states carrying baryon number could lead to the dark 
sector being formed by just the asymmetric component.

•Example:
• New scalar Baryon with B = 1/3: A

• Interactions can convert the excess of     particles into an excess of      particles:
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B = 1/3

O(10�4) for Ad

ll
(1)

x = mDM/T ⇠ 2GeV/10MeV ⇠ 200 ⇠ 10xf (2)

xf = mDM/Tf ⇠ 25 (3)
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(4)

Aq

ll
=

�
�
B̄0

q
! B0

q
! f

�
� �

�
B0

q
! B̄0

q
! f̄

�

�
�
B̄0

q
! B0

q
! f

�
+ �

�
B0

q
! B̄0

q
! f̄

� (5)

�mBd
= 3.337⇥ 10�13GeV (6)

�mBs
= 1.169⇥ 10�11GeV (7)

�
�
e±B0

q
! e±B0

q

�
= 10�11GeV

✓
T

20MeV

◆5

(8)

|BL/Hi = p|B0

q
i± q|B̄0

q
i (9)

�
�
e±B0

! e±B0
�
⇠ 10�11GeV

✓
T

20MeV

◆5

< Oscillation Length (10)

⇥
M (q)

12

⇤
SM

/ (VtbV
⇤

tq
)2 (11)

(12)

�B 6= 0

1

Baryogenesis and DM from B Mesons KCL 24-10-18Miguel Escudero (KCL)

Possible Dark Sectors

31

3) Additional Dark Sector states
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• New mechanism for Baryogenesis and Dark Matter from B-mesons with a low 
reheat temperature, where Baryon number is conserved, and which is testable 
at current and upcoming collider experiments.

• Dark Matter abundance requires:

h�vidark ' 25 h�viWIMP min[m�,m⇠]/GeV

• Baryon asymmetry directly related to two observables at collider experiments:
dnB

dt
+ 3HnB = 2�� n�

X

q

Br(b̄ ! B
0
q ) f

q
deco A

q
`` Br(B ! �⇠ + Baryon +X)

10�5 < Ad, s
`` < 10�3

• Distinctive experimental signatures:

• Positive leptonic asymmetry in B meson decays

• New decay mode of neutral and charged B mesons into baryons 
and missing energy

• New decay mode of b-flavored baryons into mesons and 
missing energy

Br(B ! �⇠ + Baryon +X) > 2⇥ 10�4



Example Model
MSSM, R Symmetry, and Dirac Gauginos

GE with A. Nelson, G. Alvarez, and H. Xiao (in progress)

Baryogenesis and DM from B Mesons KCL 24-10-18Miguel Escudero (KCL)

An Explicit Model
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11� 100GeV

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)

⇠

b̄

d
B0

d

u

d

s

⇤

 

Y

�

Minimal Particle Content B-mesons decay into ME and a BaryonSuperpartners and SM particles have different charge under an unbroken R-symmetry. We 
can identify this with Baryon number.                Superpartners as dark baryons.
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Minimal Particle Content B-mesons decay into ME and a Baryon

2.2 Squarks as Y

We take the model of [2, 6], with the super potential:

W = yuQHuU
c � ydQHdD

c � yeLHdE
c + µuHuRd + µdRuHd (2.7)

+ �tuHuTRd + �tdRuTHd + �sdSRuHd

+
1

2
�

00

ijkU
c
iD

c
jD

c
k

The Ru,d are added to generate µ terms which are forbidden in models with R symmetry.

The third term is the standard R-parity violating term of the MSSM, which is now allowed.

Under U(1)R symmetry the charge assignments of the chiral super-fields are given in Table 1

of [6], so that for instance Uc and Dc have R-charge 2/3, where Dc = d̃⇤R+
p
2✓↵d†R,↵+✓

2Fd.

This means that the d-type right handed anti-squark has R-charge 2/3 while the anti-quark

has R-charge �1/3 since ✓ has R-charge 1. We can now identify U(1)R with baryon number

(and note that the quark/anti-quark has the correct charge). So that

Y () d̃R has B = �2/3 . (2.8)

Then the UcDcDc term of in the super-potential yields

L � �
00

113

⇣
d̃⇤Ru

†
Rb

†
R + ũ⇤

Rd
†
Rb

†
R + b̃⇤Ru

†
Rd

†
R

⌘
, (2.9)

so that the first term yields the Y ⇤ūb coupling of (2.1).

2.3 Squark Soft Masses

We can get soft scalar masses for squarks (and other superpartners) in the usual way [7]:
Z

d4✓
X†X

M
Q†

iQj + ... (2.10)

Here X = ✓2F is the spurion of F-term SUSY breaking. So that squark masses are mq̃ ⇠
F ⇤F/M . Since we want model where we identify d̃ with the order TeV mass scalar and

the Bino/S-fermion with the order GeV Dirac fermion  , we can ask if it is expected to

have a spectrum with squarks md̃ ⇠ F ⇤F/M ⇠ TeV, and gauginos m s ⇠ D/M ⇠ GeV.

In principle this should be easily accommodated since these terms come from two di↵erent

sources of SUSY breaking.

3

MSSM Squark

Superpartners and SM particles have different charge under an unbroken R-symmetry. We 
can identify this with Baryon number.                Superpartners as dark baryons.

Example Model
MSSM, R Symmetry, and Dirac Gauginos
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so that the first term yields the Y ⇤ūb coupling of (2.1).

2.3 Squark Soft Masses

We can get soft scalar masses for squarks (and other superpartners) in the usual way [7]:
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Here X = ✓2F is the spurion of F-term SUSY breaking. So that squark masses are mq̃ ⇠
F ⇤F/M . Since we want model where we identify d̃ with the order TeV mass scalar and
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have a spectrum with squarks md̃ ⇠ F ⇤F/M ⇠ TeV, and gauginos m s ⇠ D/M ⇠ GeV.

In principle this should be easily accommodated since these terms come from two di↵erent

sources of SUSY breaking.
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• Dirac fermion   !
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Dirac Bino which can have a mass ⇠

O(1GeV)

• Here Y is a baryon number charged �2/3 and EM charged �1/3 heavy
O(TeV) colored scalar, which we will identify with a right handed down
type squark d̃R.

• Dark Matter: Do we have a candidate in this model? Can we generate
 ̄�⇠? Or do we need to assume a dark sector. The S multiplet below
could provide possibilities for portal by a mass insertion to B̃.
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11� 100GeV

Y 0 �1/3 �2/3 +1 O(TeV)
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Minimal Particle Content B-mesons decay into ME and a Baryon

2.2 Squarks as Y

We take the model of [2, 6], with the super potential:

W = yuQHuU
c � ydQHdD

c � yeLHdE
c + µuHuRd + µdRuHd (2.7)

+ �tuHuTRd + �tdRuTHd + �sdSRuHd

+
1

2
�

00

ijkU
c
iD

c
jD

c
k

The Ru,d are added to generate µ terms which are forbidden in models with R symmetry.

The third term is the standard R-parity violating term of the MSSM, which is now allowed.

Under U(1)R symmetry the charge assignments of the chiral super-fields are given in Table 1

of [6], so that for instance Uc and Dc have R-charge 2/3, where Dc = d̃⇤R+
p
2✓↵d†R,↵+✓

2Fd.

This means that the d-type right handed anti-squark has R-charge 2/3 while the anti-quark

has R-charge �1/3 since ✓ has R-charge 1. We can now identify U(1)R with baryon number

(and note that the quark/anti-quark has the correct charge). So that

Y () d̃R has B = �2/3 . (2.8)

Then the UcDcDc term of in the super-potential yields
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so that the first term yields the Y ⇤ūb coupling of (2.1).

2.3 Squark Soft Masses

We can get soft scalar masses for squarks (and other superpartners) in the usual way [7]:
Z
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iQj + ... (2.10)

Here X = ✓2F is the spurion of F-term SUSY breaking. So that squark masses are mq̃ ⇠
F ⇤F/M . Since we want model where we identify d̃ with the order TeV mass scalar and

the Bino/S-fermion with the order GeV Dirac fermion  , we can ask if it is expected to

have a spectrum with squarks md̃ ⇠ F ⇤F/M ⇠ TeV, and gauginos m s ⇠ D/M ⇠ GeV.

In principle this should be easily accommodated since these terms come from two di↵erent

sources of SUSY breaking.
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• Here Y is a baryon number charged �2/3 and EM charged �1/3 heavy
O(TeV) colored scalar, which we will identify with a right handed down
type squark d̃R.

• Dark Matter: Do we have a candidate in this model? Can we generate
 ̄�⇠? Or do we need to assume a dark sector. The S multiplet below
could provide possibilities for portal by a mass insertion to B̃.
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The Ru,d are added to generate µ terms which are forbidden in models with R symmetry.

The third term is the standard R-parity violating term of the MSSM, which is now allowed.

Under U(1)R symmetry the charge assignments of the chiral super-fields are given in Table 1

of [6], so that for instance Uc and Dc have R-charge 2/3, where Dc = d̃⇤R+
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2Fd.
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(and note that the quark/anti-quark has the correct charge). So that
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so that the first term yields the Y ⇤ūb coupling of (2.1).

2.3 Squark Soft Masses

We can get soft scalar masses for squarks (and other superpartners) in the usual way [7]:
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Here X = ✓2F is the spurion of F-term SUSY breaking. So that squark masses are mq̃ ⇠
F ⇤F/M . Since we want model where we identify d̃ with the order TeV mass scalar and

the Bino/S-fermion with the order GeV Dirac fermion  , we can ask if it is expected to

have a spectrum with squarks md̃ ⇠ F ⇤F/M ⇠ TeV, and gauginos m s ⇠ D/M ⇠ GeV.

In principle this should be easily accommodated since these terms come from two di↵erent

sources of SUSY breaking.
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Details of SUSY Embedding

• Y/Squark-Quark Couplings:

2.2 Squarks as Y

We take the model of [2, 6], with the super potential:

W = yuQHuU
c � ydQHdD

c � yeLHdE
c + µuHuRd + µdRuHd (2.7)
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The Ru,d are added to generate µ terms which are forbidden in models with R symmetry.

The third term is the standard R-parity violating term of the MSSM, which is now allowed.

Under U(1)R symmetry the charge assignments of the chiral super-fields are given in Table 1

of [6], so that for instance Uc and Dc have R-charge 2/3, where Dc = d̃⇤R+
p
2✓↵d†R,↵+✓

2Fd.

This means that the d-type right handed anti-squark has R-charge 2/3 while the anti-quark

has R-charge �1/3 since ✓ has R-charge 1. We can now identify U(1)R with baryon number

(and note that the quark/anti-quark has the correct charge). So that

Y () d̃R has B = �2/3 . (2.8)

Then the UcDcDc term of in the super-potential yields
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so that the first term yields the Y ⇤ūb coupling of (2.1).

2.3 Squark Soft Masses

We can get soft scalar masses for squarks (and other superpartners) in the usual way [7]:
Z

d4✓
X†X

M
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iQj + ... (2.10)

Here X = ✓2F is the spurion of F-term SUSY breaking. So that squark masses are mq̃ ⇠
F ⇤F/M . Since we want model where we identify d̃ with the order TeV mass scalar and

the Bino/S-fermion with the order GeV Dirac fermion  , we can ask if it is expected to

have a spectrum with squarks md̃ ⇠ F ⇤F/M ⇠ TeV, and gauginos m s ⇠ D/M ⇠ GeV.

In principle this should be easily accommodated since these terms come from two di↵erent

sources of SUSY breaking.
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1 Outline/Motivation

A new mechanism for low-scale Baryogengesis and DM was presented in [1]. Contrary

to the standard lore that Baryogenesis mechanisms are di�cult to experimentally test,

the mechanism in [1] would have distinct signals at B-factories and hadron colliders. In

particular, the mechanism in [1] predicts a large positive charge asymmetry, a new decay

modes of charged and neutral B-mesons into baryons and missing energy, and exotic decays

of b-flavored baryons.

We now realize the mechanism of [1] in a model of supersymmetry (SUSY) with R-

Symmetry, where the R-Symmetry can be identified with Baryon number. Such a SUSY

model requires the presence of Dirac gauginos [] and one variation was considered in [2].

For this model to realize the mechanism of Baryogengesis and DM from B-mesons requires

O(TeV) squarks and critically O(a few GeV) (we need approximately mB̃ < 4 GeV in order

for B-meson decay to be kinematically allowed). Dirac Binos. Current constraints do not

allow, for instance, Gluinos to be a GeV, however these bounds do not apply to the color

neutral Bino.

Previous work focused on regions of parameter space with heavy Dirac Gauginos (for

instance [3] considered flavor constraints on a SUSY model with R-Symmetry and Dirac

Gauginos where all the Gaugino masses were of order 500GeV � TeV and were generated

at the same scale). Realizing the mechanism of [1] now motivates us to consider a scenario

where Dirac Gaugino masses of di↵erent mediators scale di↵erently i.e. a region of parameter

space in which the Binos may be light enough for Baryogengesis, while the other gauge

partners are made heavy to avoid constraints. This scenario can be realized if, for instance,

di↵erent symmetry breaking scales are assumed [4]. This further motivates us to consider

the phenomenology of light Dirac Binos. [GE: For instance, can we explain g � 2,

flavor anomalies etc]

2 Model

We would like to embed the following from [1] in a SUSY model

L ⇢ �yubY
⇤ūbc � y sY  ̄s

c + h.c. and L ⇢ �yd ̄�⇠ (2.1)

• The dirac fermion  will be identified with a Dirac Gaugino [3]

1

Want SUSY embedding of:

• Y/Squark-Quark-Dirac Gaugino: from usual gauge interaction

2.4 Dirac Gaugino-Squark-Quark Interactions

We can now use interactions to generate the second term of (2.1): Y  ̄s. Interacting chiral

matter theories (with Weyl spinors) have gauge interactions of the form

Lgauge � �
p
2g(�T a †)�a† + h.c. (2.11)

) �
p
2g(d̃Rd

†
RB̃

†) ) �
p
2g sin ✓c(d̃Rs

†
RB̃

†) + h.c. ,

[GA: I think that with the new notation this should be

Lgauge � �
p
2g(�T a †)�a† + h.c. (2.12)

) �
p
2g(d̃RdRB̃

†)�
p
2g(d̃Ld

†
LB̃

†) + h.c.

or �
p
2g( ˜̄dd̄†B̃†)�

p
2g(d̃d†B̃†) + h.c. .

It looks weird that the daggers are switched between the L and R cases, the

bar notation is more consistent in this regard.] where we have used the CKM matrix

to rotate to the s flavor eigenstate in the final step. Note that B̃† is a component of the

Dirac Gaugino  ̄ =
⇥
�s, B̃†⇤. When we integrate out Y we would then have our e↵ective

interaction B̃usb.

Note that we have direct dependence on CKM matrix elements from this coupling which

we did not consider in [1].

2.5 Dark Matter

The minimal way to do this (allowed by our symmetries) is to embed our Baryon number

�1 dark scalar � and our Majorana B = 0 spinor ⇠ into a multiplet

� = �⇤ +
p
2✓↵⇠↵ + ✓2F� (2.13)

again because ✓ has R charge +1 We can then generate the coupling �s�⇠ via the Baryon

number conserving super potential term

W �
Z

d2✓ (ysS��+m���) (2.14)

Note that we will need a Dirac gaugino mass insertion to convert from B̃ to �s in our

diagrams, so that this coupling will have a m s term, which is large. Here we want m� ⇠
GeV. Note that (2.14) is invariant under � $ �� which will act to stabilize the dark

matter (the Z2 symmetry of [1]). Note that also this forbids a �3 term.
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• Dark Matter:
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Note that we will need a Dirac gaugino mass insertion to convert from B̃ to �s in our
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• Here Y is a baryon number charged �2/3 and EM charged �1/3 heavyO(TeV) colored

scalar, which we will identify with a right handed down type squark d̃R. See Table 1

of [5].

• Dark Matter: Do we have a candidate in this model? Can we generate  ̄�⇠? Or do

we need to assume a dark sector. The S multiplet below could provide possibilities

for portal by a mass insertion to B̃.

2.1 Dirac Gauginos Masses

Lmass =
p
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where the D-term SUSY breaking spurion is given by W
0↵ = D✓↵, and ⇤i is the SUSY

breaking scale, where we allow for di↵erent scales. The usual chiral gauge superfield straight

in WZ gauge is given by (for instance for U(1)Y where Bµ⌫ = @µB⌫ � @⌫Bµ)
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Then to get a Dirac gaugino we add a chiral supermultiplet in the adjoint, for instance:
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2�↵s ✓↵ + ✓↵✓↵Fs (2.4)
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So from the first term we have a dirac gaugino with mass

m 1 =
p
2c1

D

⇤1
where  1 =

"
B̃

�†s

#
(2.6)

the second term of (2.2) vanishes on-shell when D1 = 0. We get similar expressions for the

other gauginos with m 2,3 /
p
2c2,3D/⇤2,3. [GE: What role does the scalar �s play in

these model?]

[GE: Note that most people consider scenarios that also allow for soft Ma-

jorana mass terms, which are forbidden by R-Symmetry in our case.]
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Figure 1: Box diagrams mediated by Dirac Binos contributing to the �B = 2 B0
d-B̄

0
d

oscillations.

4 Phenomenology of Light Dirac Gauginos

4.1 g � 2 Anomaly

See a recent example [? ] of using a SUSY model for DM and muon g-2 using non-universal

Majorana (not Dirac) gaugino masses with light Binos in Gauge Mediation.

4.2 Flavor Anomalies

5 Considerations from Supergravity

[GE: We will have an upper bound on the gravitino mass in this model. Is

this more or less constraining then the bound from over-closure? See plots in

[11, 12]. If we require TR ⇠ MeV this leads to a light gravitino mass in some

cases]
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• Contribution to oscillation asymmetry: 



Collider Constraints
• Collider searches

Figure 2. Required value of Br(B ! ⇠�)⇥A`` to provide Y⌘ = 8.8⇥10�11 as a function of the Inflaton width

and mass Y⌘(m�,��) = 8.8 ⇥ 10�11. The upper limit on �� comes from requiring the decay to happen at a

temperature in which the produced BB̄ decay instead of annihilate. The lower bound comes from requiring

the Inflaton not to spoil the measured thermal history from the CMB and BBN.

3 Constraints

The bound on the possible lowest reheating temperature of TRH > 4.7MeV [9] at 95% CL implies
that �� < 3⇥ 10�23 GeV ⌘ 45 s�1 at 95% CL. Where we follow the convention �� = 3H(TRH)

3.1 Collider Constraints

Thorough the presence of the coloured scalar Y the e↵ective operator that induces B decays to dark
matter is produced. The required branching ratios times the lepton asymmetry are shown in Figure 2.
For A`` = 10�3 then Br(B ! ⇠�+ Baryon) = 10�4 � 10�2. This branching ratio was calculated in [1]
and reads
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The coloured particle could either decay to b or to ūs. Therefore, the main searches depend upon
which decay channel dominates. If Y ! b dominates then sbottom searches directly apply. If Y ! ūs

dominates the Y scalar could be produced singly produced and searched for in dijet resonances [10]
(similar to diquarks in E(6) Superstring models [11]). The most stringent constraints in these channels
are [12] and [13] respectively. Provided Br(Y ! b ) = 1 and m . 100GeV then mY > 1.2TeV at

– 6 –

sbottom searches directly apply

Figure 2. Required value of Br(B ! ⇠�)⇥A`` to provide Y⌘ = 8.8⇥10�11 as a function of the Inflaton width

and mass Y⌘(m�,��) = 8.8 ⇥ 10�11. The upper limit on �� comes from requiring the decay to happen at a
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The bound on the possible lowest reheating temperature of TRH > 4.7MeV [9] at 95% CL implies
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3.1 Collider Constraints

Thorough the presence of the coloured scalar Y the e↵ective operator that induces B decays to dark
matter is produced. The required branching ratios times the lepton asymmetry are shown in Figure 2.
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The coloured particle could either decay to b or to ūs. Therefore, the main searches depend upon
which decay channel dominates. If Y ! b dominates then sbottom searches directly apply. If Y ! ūs

dominates the Y scalar could be produced singly produced and searched for in dijet resonances [10]
(similar to diquarks in E(6) Superstring models [11]). The most stringent constraints in these channels
are [12] and [13] respectively. Provided Br(Y ! b ) = 1 and m . 100GeV then mY > 1.2TeV at
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Y searched for in dijet resonances

95% CL independently of the g b coupling. The bounds from dijet resonances in [13] are computed
assuming yud = e. However, in our case we only couple to s quarks. This may relax the constraints
by ⇠ 2� 3 although a precise calculation will be required. Assuming that yus = e if Br(Y ! ūs) = 1

then mY > 6.9
⇣

e

yus

⌘2
TeV. Also, if Br(Y ! ūs) = 0.1 then mY > 4.7

⇣
e

yus

⌘2
TeV. Where e is the

electromagnetic coupling.
Thus, if mY > 7TeV there are no constraints. If it is 1.2TeV < mY < 7TeV it is possible to find an
interplay between couplings so that di-jet searches do not rule them out. This will require yus < e.

Finally, if the triplet scalar Y were to couple to sb quarks and to  u so that it cannot be produced
through valence quarks. Then only will be produced in pairs. If Y ! s̄b dominates, four-jet searches
imply mY > 700GeV [14] while if Y ! ū dominates then mY > 950GeV [15].

4 Phenomenology

4.1 Dark Matter annihilation

In order to deplete the dark matter abundance from the Inflaton decay to arrive to the well measured
⌦DMh

2 = 0.1198± 0.0015 [16] one requires that the either � or ⇠ annihilates to some lighter particle
at rate that is around 1 order of magnitude higher than usual WIMP. This is because ⌦h2 / xf

h�vi
and in our case, instead of xf ⇠ 20 like WIMPs, we have xf ⇠ 2 ⇥ 103/10 ⇠ 200 and therefore, an
annihilation cross section about one order of magnitude higher than the WIMP is required to obtain
the right dark matter abundance. The possibilities for the annihilation to SM particles are either ⇠
or � are e, ⌫, µ, ⇡ since they are kinematically allowed. The fact that ⇠ is a Majorana particle makes
the annihilation rate p-wave. And therefore larger couplings should be expected in order to make the
required abundance.

1. Annihilation into neutrinos. If the dark matter particles annihilate into neutrinos for tempera-
tures below T ⇠ 2� 3MeV then a non-thermal population of neutrinos of energies E⌫ ' 2GeV
will be produced together with the almost thermal population. The number density of such
neutrinos is of the order nnon/nthermal ⇠ 10⇥ YDM/Y⌫ . 10�7. Regarding their current energy
it should be E⌫ ⇠ 0.03 � 0.3eV which is close to the neutrino masses m⌫ ⇠ 0.1 eV. Therefore,
kinematically speaking, such neutrinos could be detected by an experiment like PTOLEMY [17],
however, since the cross section for a neutrino at rest and a neutrino with E⌫ ⇠ m⌫ should not
vary by more than a factor of 2 but the neutrino flux is suppressed by 10�7 orders of magnitude
and only ⇠ 4 � 8 thermal neutrino events [18] are expected in the 100 g default PTOLEMY
configuration we conclude that such neutrinos will not be observable.

2. Annihilation into visible particles. If the dark matter particle that annihilates into SM is the
scalar �, then it robustly ruled out by the latest Planck results [16, 19] since 1.5GeV . m� .
5GeV. If the ⇠ where to annihilate into them, the annihilation will be p-wave, and therefore
constraints are absent since the expected rate is ⇠ 105 orders of magnitude higher than current
constraints [20, 21].

4.2 Dark Matter direct detection

The dark matter could scatter through protons and neutrons as in the Hylogenesis set up [22, 23].
The exisiting constraints however, do not test the Hylogenesis model neither the one presented here.
Within our model, given the interaction with the b quark, the kinematics preclude a direct scattering
to B mesons. In order to scatter to lighter mesons a weak loop is needed and that will reduced the
expected rate at nucleon decay experiments to be tiny.
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The bound on the possible lowest reheating temperature of TRH > 4.7MeV [9] at 95% CL implies
that �� < 3⇥ 10�23 GeV ⌘ 45 s�1 at 95% CL. Where we follow the convention �� = 3H(TRH)

3.1 Collider Constraints

Thorough the presence of the coloured scalar Y the e↵ective operator that induces B decays to dark
matter is produced. The required branching ratios times the lepton asymmetry are shown in Figure 2.
For A`` = 10�3 then Br(B ! ⇠�+ Baryon) = 10�4 � 10�2. This branching ratio was calculated in [1]
and reads
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which decay channel dominates. If Y ! b dominates then sbottom searches directly apply. If Y ! ūs

dominates the Y scalar could be produced singly produced and searched for in dijet resonances [10]
(similar to diquarks in E(6) Superstring models [11]). The most stringent constraints in these channels
are [12] and [13] respectively. Provided Br(Y ! b ) = 1 and m . 100GeV then mY > 1.2TeV at
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1 The Model

Imagine we produce b-quarks via late decays (of some unspecified particle - could be Higgses from
preheating) when TBBN < T < TQCD i.e. 3MeV . T . 100MeV . This way the b-quarks can
hadronize to form B-mesons during the era of interest. Note that at this point nb = n

b̄
as we do not

assume CPV in these early decays. Upon hadronization, neutral B0
q
= |b̄qi mesons can oscillate into

B̄
0
q
= |bq̄i, which violate CP, before decaying. That is �

�
B

0
q
! B̄

0
q
! f

�
6= �

�
B̄

0
q
! B

0
q
! f

�
so that

an asymmetry in b-quark number is produced nb 6= n
b̄
.

Using the model of [1] we can generate four fermion interactions via

L � �gusY
?
ūs

c � y bY  ̄b
c + h.c. (1.1)

where Y is a color triplet scalar. This then generates terms like

Heff =


m
2
Y

b u s . (1.2)

where  = gusy b. Here we are just parametrizing the coupling of the four fermion interaction by 
and mY , and remain agnostic about the details of the UV model. We should calculate the constraint
on the size of these new couplings i.e. see Sec. 2.6.3 of the thesis in dropbox. So the b̄-quark within
B

0 can decay b̄ !  + u + s i.e. B
0 !  +mesons/baryons. The O = b u s is �B = 1 operator, so

depending on the nature of  we can get di↵erent ways of violating baryon number or not.
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where q = d, s, c
⌦DM/⌦b = 5.36 would imply m ⇠ 5.36mp but m < mB�mp = 4.3GeV

• Dirac fermion   !


B̃
�†
s

�
Dirac Bino which can have a mass ⇠

O(1GeV)

• Here Y is a baryon number charged �2/3 and EM charged �1/3 heavy
O(TeV) colored scalar, which we will identify with a right handed down
type squark d̃R. Y $ d̃R

• Dark Matter: Do we have a candidate in this model? Can we generate
 ̄�⇠? Or do we need to assume a dark sector. The S multiplet below
could provide possibilities for portal by a mass insertion to B̃.

�n2

B
h�vi

�nB�B

⌧ 1 (2)

YB =
nB � nB̄

s
= 8.7⇥ 10�11 (3)

⌦Bh
2 = 0.02237 YB =

nB � nB̄

n�
= 6⇥ 10�10 (4)

Y� = n�/s (5)

TBs
 20MeV and TBd

 10MeV (6)

B = 1/3

O(10�4) for Ad

ll
(7)

1



2.2 Dark Matter cross sections
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Thus the ⇠⇠ ! �
?
� annihilation is going to be p-wave suppressed! The same will be true for ⇠⇠ ! ⌫⌫.

This will be relevant since
p

hv2i/c =
p
3T/m ⇠ (0.04� 0.14).

2.3 Parameters

Parameter Description Range Benchmark Value Constraint?

m� Inflaton mass 11� 100 GeV 15 GeV ⇢�/⇢rad < 10�3 at T = 3.5MeV
�� Inflaton width 10�21

> ��/GeV > 10�21 10�22 GeV Decay between 3.5MeV < T < 50MeV
m Dirac fermion mediator 1.5GeV < m < 4.4GeV 3.3 GeV Lower limit from m > m� +m⇠

m⇠ Majorana dark matter 0.3GeV < m⇠ < 3.1GeV 1.0 and 1.8 GeV |m⇠ �m�| < mp �me

m� Scalar dark matter 1.2GeV < m� < 4GeV 1.5 and 1.3 GeV |m⇠ �m�| < mp �me

yd Yukawa for L = yd�⇠ 0.3

Br(B ! ⇠�) Br of B ! ME+Baryon 10�2 � 10�5 1⇥ 10�4 Is there any?
A

d

``
Lepton Asymmetry Bd Positive and < 10�3 0 A

d

``
= �0.0021± 0.0017 [8]

A
s

``
Lepton Asymmetry Bs Positive and < 5⇥ 10�3 10�3

A
s

``
= �0.0006± 0.0028 [8]

h�viSM
�

Annihilation Xsec for � 4.4⇥ 10�25 cm3
/s

h�viSM
⇠

Annihilation Xsec for ⇠ 2.1⇥ 10�22 ⇥ v
2 cm3

/s

Table 1. Ranges of the parameters to test.

The lower limit on the m� mass comes from the fact that neutron stars will be destabilized via
the process nn ! �� unless the mass of the � scalar is above the chemical potential of a neutron in a
neutron star µNS

n
= 1.2GeV.

2.4 Results
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Parameters

M11 = M22 = mB0 = 5279.58± 0.17MeV (4.11)

|M12| =
1

2
�mB0 =

1

2
(3.337± 0.033)⇥ 10�10 MeV (4.12)

�11 = �22 = (4.333± 0.014)⇥ 10�13 GeV (4.13)

�SM
12 = � (3.3± 0.3)⇥ 10�13 GeV (4.14)

From [25]:

A
q

SL
= Im

✓
�q

12

M
q

12

◆
(4.15)

⇥
A

d

SL

⇤
SM

= (�4.2± 0.7)⇥ 10�4
, [��d]SM = (2.60± 0.25)⇥ 10�3 ps�1

, (4.16)

[As

SL
]SM = (2.0± 0.3)⇥ 10�5

, [��s]SM = (0.090± 0.008) ps�1
. (4.17)

The current measured values from [8] are:

⇥
A

d

SL

⇤
= (�0.0021± 0.0017) , [As

SL
] = (�0.0006± 0.0028) (4.18)

4.5 Do the B decay or annihilate?

Since the � particle is decaying at the same rate to B and B̄ we can assume that nB = nB̄ . It is
true that due to their CP-violating decays, �B ' (1 + 10�3)�B̄ , but this wont impact whether they
annihilate before they decay or conversely. The equation that governs their number density is

dnB

dt
+ 3HnB = ��Br�!Bn� � �BnB � h�vin2

B
(4.19)

Equation 4.19 involves very di↵erent time scales, and its numerical solution will require time steps
of t < 1/�B which are 10�10 smaller than those of the � decay. In order to know whether when a
B is produced by a � decay it decays or annihilates we can do the following. We can integrate 4.19
assuming that the B’s are only produced in order to know what is the maximum number density
prior to they decay, �nB . And then we can compare the B decay and the annihilation rate in order
to decide which one dominates. Integration of the first term in Equation 4.19 in the time interval
t ! t+ 1/�B leads to

�nB =

Z
t+1/�B

t

dnB

dt
(t0)dt0 =

Z
t+1/�B

t

Br�!B��n�(t
0)dt0 =

��

�B

Br�!Bn�(t) (4.20)

And now we can clearly compare the decay to the annihilation rate:

�nB�B

�n
2
B
h�vi =

�2
B

�� h�vin�(t)

1

Br�!B

(4.21)

where in the last step we have assumed that the � field does not completely dominate the Universe and
we can use t ⇠ 1/(2H). After solving for the � number density, one notices that �� < 5⇥ 10�21 GeV
for h�vi = 10mb and �� < ⇥10�21 GeV if h�vi = 100mb. This, therefore sets an upper limit on the
Inflation width. Therefore, the range of interest is 10�22 GeV < �� < 10�21 GeV.
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• Limit on inflation width comes from living in a regime where we can 
neglect B oscillations compared to decays

• We assume no decoherence between B mesons and the plasma.                                                                    
For instance elastic scattering rate for4.3 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
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� ⌘ h�vine ' �(E = 3T )ne(T ) ⇠ 3⇥ 10�13 GeV

✓
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 ⌦

r
2
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↵
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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

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 = �2Re(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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Will be higher then Hubble Rate:
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Thus the ⇠⇠ ! �
?
� annihilation is going to be p-wave suppressed! The same will be true for ⇠⇠ ! ⌫⌫.

This will be relevant since
p

hv2i/c =
p
3T/m ⇠ (0.04� 0.14).

2.3 Parameters

Parameter Description Range Benchmark Value Constraint?

m� Inflaton mass 11� 100 GeV 15 GeV ⇢�/⇢rad < 10�3 at T = 3.5MeV
�� Inflaton width 10�21

> ��/GeV > 10�21 10�22 GeV Decay between 3.5MeV < T < 50MeV
m Dirac fermion mediator 1.5GeV < m < 4.4GeV 3.3 GeV Lower limit from m > m� +m⇠

m⇠ Majorana dark matter 0.3GeV < m⇠ < 3.1GeV 1.0 and 1.8 GeV |m⇠ �m�| < mp �me

m� Scalar dark matter 1.2GeV < m� < 4GeV 1.5 and 1.3 GeV |m⇠ �m�| < mp �me

yd Yukawa for L = yd�⇠ 0.3

Br(B ! ⇠�) Br of B ! ME+Baryon 10�2 � 10�5 1⇥ 10�4 Is there any?
A

d

``
Lepton Asymmetry Bd Positive and < 10�3 0 A

d

``
= �0.0021± 0.0017 [8]

A
s

``
Lepton Asymmetry Bs Positive and < 5⇥ 10�3 10�3

A
s

``
= �0.0006± 0.0028 [8]

h�viSM
�

Annihilation Xsec for � 4.4⇥ 10�25 cm3
/s

h�viSM
⇠

Annihilation Xsec for ⇠ 2.1⇥ 10�22 ⇥ v
2 cm3

/s

Table 1. Ranges of the parameters to test.

The lower limit on the m� mass comes from the fact that neutron stars will be destabilized via
the process nn ! �� unless the mass of the � scalar is above the chemical potential of a neutron in a
neutron star µNS

n
= 1.2GeV.
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