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What is the Universe made of?
Two very well tested theories

Standard Model 
of Particle Physics

The known fundamental particles The birth and evolution of the Universe

CDM CosmologyΛ
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Dark Matter 
26%

Dark Energy 
69%

5 %

G. Elor

Energy density today

The stuff we understand — 
stars, planets, you 
(baryonic matter)

Only 5 %  

We don’t even know where the 5 % came from

What is the Universe made of?



What mechanism generated the initial asymmetry? 

How can we exist?
matter

Matter 

Anti-Matter

matterMatter
Anti-

matter

Radiation

Matter 

G. Elor

Measured to be: BBN, CMB= 6.1 × 10−10

Leptogenesis and Dark Matter from Mesons
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Baryogenesis? 



What is the Universe 
made of?

How can we 
exist?

B

Baryogensis and Dark Matter 
from B Mesons

Solve both these problems with 
Standard Model Mesons

GE with Miguel Escudero and Ann Nelson Phys.Rev.D [1810.00880]



baryons anti-baryons

Baryogenesis 

• Baryon number violation. 

• Conjugate rates must be different. 

• Out of thermal equilibrium.

The Sakharov conditions:

G. Elor

How to generate an asymmetry? Observation: = 6.1 × 10−10

Leptogenesis and Dark Matter from Mesons

nb � nb̄

n�
⇠ 10�10 (0.1)

m� +m⇠ < mB �m⇤ ⇠ 2.9GeV (0.2)

E = mc
2 (0.3)

n�/nb ⇠ 109 (0.4)

� (baryon number violating) 6= � (anti-baryon number violating)

d

ū
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High-Scale Baryogenesis

The History of the Universe

• Electroweak phase transition ~100 GeV 

• Electroweak Sphalerons give baryon no. violation 

• CP Violation in weak interactions is not enough. 

High Scales: Generically Hard to test
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Lower energies, Standard Model particles. 
Testable at experiments like LHCb! 
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Low-Scale Baryogenesis



Low-Scale Baryogenesis
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At low energies we can use CP Violation in 
Standard Model B meson mixing
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Figure 2.1: Unitarity Triangle: Constraints in the (⇢, ⌘) plane [22].
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Figure 2.2: Dominant Feynman diagrams responsible for neutral B meson mixing in the SM.

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

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

CP violation in the B system 20

where Cd and Cs depend on the relative production rates of B0 and B0

s mesons, as

well as their respective probabilities to have mixed (which may depend on the selection

requirements). A possible additional term in Eq. (18) is discussed below.

Another approach to determine these asymmetries inclusively is to tag B particles

produced in top quark decays [102]. This method, recently implemented by ATLAS [103],

however results in low yields so that the measurements do not currently have competitive

precision.

Table 4: Summary of the latest results for the B0 mixing (adsl) and B0
s mixing (assl) CP

asymmetries, as well as the inclusive dimuon asymmetry Ab
sl measured at D0. In all cases the

statistical uncertainty is quoted first and the systematic second. All values are percentages.
The world averages [12] are from a fit to all adsl, a

s
sl and Ab

sl results, except for the latest LHCb
assl result [104]; an earlier result [105] is included instead. The latest SM predictions [9,101]
are given for comparison.

adsl (%) assl (%) Ab
sl (%)

BaBar K-tag [84, 106] 0.06± 0.17 +0.38
�0.32 – –

BaBar `` [107] �0.39± 0.35± 0.19 – –

Belle `` [85] �0.11± 0.79± 0.70 – –

LHCb [83,104] �0.02± 0.19± 0.30 0.39± 0.26± 0.20 –

D0 [86,108,109] 0.68± 0.45± 0.14 �1.12± 0.74± 0.17 �0.496± 0.153± 0.072

World average [12] �0.15± 0.17 �0.75± 0.41

SM �0.00047± 0.00006 0.0000222± 0.0000027 �0.023± 0.004
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Need a way to change baryon number

Hide baryon number in a dark sector

The Mechanism
Baryogenesis and Dark Matter from B Mesons
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• Novel dark matter production mechanism.  

• Novel Models. 

• Novel detection strategies.
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Now imagine B mesons can decay into the dark sector

Qb = − 1 dark anti-baryon

Hide baryon number in a dark sector

Standard Model 
baryon

Qb = + 1
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q

Qb = 0

B Meson

G. Elor
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An Explicit Model
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ψ : Dirac Dark Baryon 

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

The Dark Sector:

m < mB �mBaryon < 4.3GeV• For the b-quark decay to happen:

•  ψ needs to have decays into other dark sector particles or will decay 
back to visible baryons and undo the Baryogenesis �( ! p+ ⇡�) ⇠ 10�36 GeV



Baryon Asymmetry 
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ū

d̄

q̄ q̄ q̃
⇤

q q q̃

q̄q̃

qq̃
⇤

m > 1.2GeV

1.2GeV < m < mB �m⇤ ⇠ 2.9GeV

1

G. ElorG. Elor
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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 1802.082441.2 GeV
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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[G. Elor, with G. Alonso-Alvarez, A. E. Nelson, H. Xiao JHEP [arXiv:1907.10612]]

Example supersymmetric theory:

s

Y ↔ d̃R

s

ψ ↔ Dirac Bino• 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.

• 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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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 �
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0
q
! f
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�
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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as we do not
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.

Using the model of [1] we can generate four fermion interactions via
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?
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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Leptogenesis and Dark Matter from Mesons
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Leptogenesis and Dark Matter from Mesons

m� < mp +me +m⇠ (0.1)

� (baryon number violating) 6= � (anti-baryon number violating)

d

ū

d̄

q̄ q̄ q̃
⇤

q q q̃

q̄q̃

qq̃
⇤

m > 1.2GeV

1.2GeV < m < mB �m⇤ ⇠ 2.9GeV

YB =
nB � nB̄

s
= �

n� � n�̄

s
/

X

q=s,d

A
q
ll ⇥ Br

�
B

0
! ⇠�+ Baryon + ...

�
(0.2)

= 8.7⇥ 10�11 (0.3)

mq̃ > 1TeV

m < mB0
q
⇠ 5GeV

mp = 938MeV me = 0.5MeV

m > m� > 1.2GeV

�
⇤

! [ Allowed? ] p+ + e
� + ⌫̄e + ⇠

Y = n⇠

s , Y =
n�+n�⇤

s

This would be a mechanism of low scale Leptogenesis and Dark Matter production

utilizing Mesons, that does not involve Lepton or Baryon number violation and does not

require sphalerons. Meanwhile this mechanism could have multiple testable signals at:

colliders, B-factories, maybe Kaon factories, dark matter direct detection experiments and

neutrino experiments.

The mechanism of [? ] achieved baryogenesis by making use of the CPV in neutral B0
q

mesons anti-meson oscillations. In [? ], the dark matter was charged under baryon number

and coupled to B-mesons through a higher dimensional operator, so that the B-mesons

could decay into a dark sector leading to an equal and opposite baryon asymmerty between

the dark and visible sector (but no net baryon number violation in the Universe). Critical to

1
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baryons

II. CPVI. Out of Equilibrium III. Baryon no. “violation”
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A Supersymmetric Theory
[G. Elor, with G. Alonso-Alvarez, A. E. Nelson, H. Xiao JHEP [arXiv:1907.10612]]
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• Need anti-mesons to preferentially oscillate into mesons 
before decaying
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• Sizable probably for the B meson to decay into the dark sector 
compared to other ways it can decay.
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FIG. 4. Left panel: required value of Ad

`` ⇥ Br(B ! ⇠� + Baryon) assuming As

`` = 0 to obtain YB = 8.7 ⇥ 10�11. Right panel:

Required value of As

`` ⇥ Br(B ! ⇠� + Baryon) assuming Ad

`` = 0 to obtain YB = 8.7 ⇥ 10�11. The blue region is excluded
by a combination of constraints on the leptonic asymmetry and the branching ratio [4]. The lower bound (red region) comes
from requiring the late � decays to not spoil the measured e↵ective number of neutrino species from CMB and the measured
primordial nuclei abundances [43].

entropy density and ⇢c is the critical density). In Fig-
ure 3 we display the results (the comoving number den-
sity of the various components) of numerically solving the
Boltzmann equations for two sample benchmark points
that reproduce the observed DM abundance and baryon
asymmetry.

Consider the plot on the right panel of Figure 3, which
corresponds to the case where DM is composed of � and
�

⇤ particles. We can understand the behavior of the
particle yields as follows: � particles start to decay at
T ⇠ 50 MeV, thereby increasing the abundance of the
dark particles ⇠ and � + �

⇤ until T ⇠ 10 MeV at which
point � decay completes (as it must, so that the predic-
tions of BBN are preserved). The dip in the dark particle
yields at lower temperatures is the necessary e↵ect of the
additional annihilations – which reduce the yield to re-
produce to the observed DM abundance. Meanwhile, the
asymmetric component Y� � Y�⇤ is only generated for
T . 30 MeV, as it is only then that the B

0
s

CPV oscil-
lations are active in the early Universe. The decrease in
the asymmetric component at T ⇠ 10 MeV is due to the
negative contribution of the B

0

d
decays, since in this case

the leptonic asymmetry is chosen to be negative. Note
that for the case in which the DM is mostly composed of
� and �

⇤ particles the observed baryon asymmetry and
DM abundance imply an asymmetry of

Y� � Y
⇤
�

Y� + Y
⇤
�

=
⌦bh

2

⌦DMh2

m�

mp

' 1

5.36

m�

mp

. (21)

The plot in the left panel of Figure 3 corresponds to
the case where DM is mostly comprised of ⇠ particles.
In this case the evolution of the dark particles is rather
similar. Here we have chosen A

d

``
= A

s

``
> 0, so that the

asymmetric component gets two positive contributions
at T . 30 MeV from both B

0

d
and B

0
s

CPV oscillations.
While at T ⇠ 15 MeV the change in behavior of the yield

curve corresponds to the contribution from the B
0

d
os-

cillations – given that the Bs oscillation time scale is 20
times smaller than the Bd one, and the Bs contribution
it is active at higher temperatures.

The Baryon Asymmetry

In order to make quantitative statements, beyond the
benchmark examples discussed above, we have explored
the parameter space outlined in Table II and mapped out
the regions that reproduce the observed baryon asymme-
try of the Universe. From Equation (16), we see the
baryon asymmetry depends on the product of the lep-
tonic asymmetry times branching fraction (with contri-
butions from both B

0

d
and B

0
s

mesons), as well as the �
mass and width. The result of this interplay is displayed
in Figure 3, where the contours correspond to the value
the product of A

q

``
⇥ Br(B0

s
! �⇠ + Baryon + X) needed

to reproduce the asymmetry YB = 8.7⇥10�11 for a given
point in (m�, ��) space. For simplicity, the left and right
panels show the e↵ects of considering either the B

0

d
or the

B
0
s

contributions but generically both will contribute.
While the entire parameter space in Figure 4 is allowed

by the range of uncertainty in the experimentally mea-
sured values of A

q

``
, our range of prediction is further

constrained. In particular, the blue region in Figure 4
is excluded by a combination of constraints on the lep-
tonic asymmetry and the branching ratio [4] (see Sec-
tion IV), while the lower bound comes from requiring
that the � not spoil the measured e↵ective number of
neutrino species from CMB and the measured primor-
dial nuclei abundances [43]. Therefore, to reproduce the
expected asymmetry coming from, for instance, only B

0
s
,

we find A
s

``
⇥Br(B ! �⇠+Baryon+X) ⇠ 10�6�5⇥10�4

(depending upon the � width and mass).
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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
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s
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Y

�

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
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1 Questions and Directions (May 2019)

1.2GeV < m� +m⇠ < m < mB �mBaryon ⇠ 4GeV (1.1)
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GeV scale dark baryon:

Stable dark matter:

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

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

• Current bounds:
• Baryogenesis requires:

Prospects on the observables

25

A`` = 10�5 � 10�3

As
`` = (�0.6± 2.8)⇥ 10�3

Ad
`` = (�2.1± 1.7)⇥ 10�3

from various hadron colliders and B-factories (PDG)

The semileptonic asymmetry can be measured at:

• Hadron Colliders: 
both for the       and   
50 fb-1 LHCb sensitivity 

As
``Ad

``
' 5⇥ 10�4

• B-factories: 
Only Bd mesons are produced at the nominal energy. 
Sensitivity not studied in the Belle-II physics book 1808.10567  
But it should be                 for  
Belle-II will take 1ab-1 of data at                        and could also potentially 
allow for a measurement of

O(10�4) Ad
``
E = m⌥(5S)

As
``

Leptonic charge asymmetry in B meson decays
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Current bounds:

Prediction: 
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   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  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Figure 5: Production channels of the bino at the LHC, also showing its decay into a neutrino/sneutrino pair.

The left diagram schematically shows the decay of a b quark in a b b̄ pair through the e↵ective four-fermion operator

 u d b (this is a parton level diagram, the b quark would hadronize before decaying). The right one corresponds to

direct production of the bino through the same e↵ective four-fermion operator. Propagator arrows indicate the flow

of baryon number.

7.2 Exotic B Meson Decays at B Factories

As was discussed in Sec. 6.1, successful baryogenesis requires a new decay mode of B mesons with a relatively

large branching ratio of ⇠ 10�3. The decay products include a single baryon and dark sector states (a

sneutrino DM particle and a sterile neutrino) carrying baryon number, potentially along with some mesons.

This apparently baryon number violating decay can be looked for in B factories like BABAR, Belle [92] and

Belle II [53]. Depending on what precise combination of coupling and light squark dominates the process

(see Eq. (6.1)), di↵erent baryons and mesons are expected to appear as decay products. Generically, protons

and strange or charmed baryons will be produced. A more experimentally challenging situation would arise

if a large fraction of decays occurs into a neutron and dark particles, as such a virtually invisible final state

would be extremely di�cult to detect. However, all of the possible operators contributing to the decay

contain either an up quark or a charm quark, and either a down quark or a strange quark. The only

operator that would not produce either charmed or strange particles in the final state is isospin symmetric,

so averaging over both the B0 and B+ decays it is valid to assume an equal number of decays containing

protons and neutrons.

A dedicated search for exotic B decays with a final state containing a baryon and missing energy

has not been performed to this date. However, an inclusive branching ratio Br (B ! B + anything) =

6.8 ± 0.6% was reported in [93] (see also [94]), which is large compared to the known exclusive modes. A

loose limit Br (B ! B + X) . 1 � 2 % can be derived assuming that the (also reported [95, 96]) modes

Br (B ! pp̄ + anything) = 2.47 ± 0.23% and Br
�
B ! ⇤p̄/⇤̄p + anything

�
= 2.5 ± 0.4 % do not contain

any invisible fermion in the final state. A dedicated search in BABAR or Belle II is highly desirable

and has the potential to probe the full parameter space, given the sensitivity20 of similar searches like

Br (B ! ⇤p̄⌫⌫̄) < 3 · 10�5 (90% cl) using BABAR data [97]. An additional signal of interest arises in the

case when the mixing of the sterile neutrino with SM neutrinos is large enough for it to decay into SM states

within the detection volume. This possibility is discussed in Sec. 7.5.

7.3 Exotic decays of b hadrons at the LHC

At the LHC, b b̄ pairs are copiously produced via strong interactions. These b-quarks subsequently hadronize

and decay. Through the e↵ective four-fermion operators in Table 3, one of the b-quarks may undergo the

20We thank S. Robertson for his input on this matter.
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Figure 6: Decays of the right-handed neutrino through an RPV coupling (left) and charged (center) and neutral
(center) current interactions after a Dirac mass insertion. Propagator arrows indicate the flow of baryon number.

charged current decay of the sterile neutrinos through a mass mixing to SM neutrinos may in general be
long lived22. In particular, the processes ⌫R ! q0 q̄ l and ⌫R ! l+ l� ⌫ (see the center and left diagrams
in Fig. 6) are long lived with decay lengths of order 1 � 106 meters for values of the Yukawa couplings
that lie within the requisite range to accommodate SM neutrino masses. Therefore, depending on the exact
parameters and experimental setup, the sterile neutrino might either leave the detector as missing energy
or decay in a displaced vertex, motivating the use of long lived particle detection techniques.

In the framework presented here, the prompt production and subsequent long lived decay of the sterile
neutrino would produce novel signals at the LHC. Let us exemplify the particular case involving b quarks,
which is the interesting one for baryogenesis. As discuss in the previous sections, two di↵erent production
channels are possible, each one of them producing a signature with some distinctive features.

Firstly, the creation of a b quark and a Dirac bino from a pp collision can proceed as in Fig. 5 (right)
through the  u d b operator in Table 3. The cross section estimated in Eq. (7.2). The bino then promptly
decays into a sterile neutrino and DM through the operator in Eq. (4.17). This is followed by the long lived
decay of the sterile neutrino as discussed above, resulting in a lepton jet (for the CC case). The parton-level
process is therefore

u d ! b ! b ⌫R ⌫̃R ! b q0 q̄ l ⌫̃R , or b l+ l� ⌫ ⌫̃R . (7.3)

In this case, the long lived particle is centrally produced. A potential study in, for instance, the ATLAS
detector would involve a mono-jet signal (as discussed in Sec. 7.4) and an associated long lived decay leading
to a lepton jet [101]. Note that our signal is novel in that it contains a single lepton within the jet.

Secondly, QCD production of a bb̄ pair can be followed by the decay of one of the quarks through the
same four-fermion operator  u d b, resulting in a forward production of quarks, DM and a sterile neutrino
as shown in Fig. 5 (left). The prompt b decay signal can be searched for as discussed in Sec. 7.3 by triggering
on the associately produced b quark. The long lived sterile neutrino decays through the charged or neutral
current channels just discussed. At the partonic level, this corresponds to the process

b ! ū d̄ ! ū d̄ ⌫̃R ⌫R ! ū d̄ ⌫̃R q q̄ l , or ū d̄ ⌫̃R l+ l� ⌫ . (7.4)

The kinematics of these decays would be primed for forward searches such as FASER. We leave a detailed
analysis of all these interesting collider signals to future work.

quarks � ! u d s. Note that this scenario does however not accommodate DM.
22Constructing models which produce collider signals from long-lived sterile neutrino decays is a subject of much

study [100].
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Figure 5: Production channels of the bino at the LHC, also showing its decay into a neutrino/sneutrino pair.
The left diagram schematically shows the decay of a b quark in a b b̄ pair through the e↵ective four-fermion operator
 u d b (this is a parton level diagram, the b quark would hadronize before decaying). The right one corresponds to
direct production of the bino through the same e↵ective four-fermion operator. Propagator arrows indicate the flow
of baryon number.

7.2 Exotic B Meson Decays at B Factories

As was discussed in Sec. 6.1, successful baryogenesis requires a new decay mode of B mesons with a relatively
large branching ratio of ⇠ 10�3. The decay products include a single baryon and dark sector states (a
sneutrino DM particle and a sterile neutrino) carrying baryon number, potentially along with some mesons.
This apparently baryon number violating decay can be looked for in B factories like BABAR, Belle [92] and
Belle II [53]. Depending on what precise combination of coupling and light squark dominates the process
(see Eq. (6.1)), di↵erent baryons and mesons are expected to appear as decay products. Generically, protons
and strange or charmed baryons will be produced. A more experimentally challenging situation would arise
if a large fraction of decays occurs into a neutron and dark particles, as such a virtually invisible final state
would be extremely di�cult to detect. However, all of the possible operators contributing to the decay
contain either an up quark or a charm quark, and either a down quark or a strange quark. The only
operator that would not produce either charmed or strange particles in the final state is isospin symmetric,
so averaging over both the B0 and B+ decays it is valid to assume an equal number of decays containing
protons and neutrons.

A dedicated search for exotic B decays with a final state containing a baryon and missing energy
has not been performed to this date. However, an inclusive branching ratio Br (B ! B + anything) =
6.8 ± 0.6% was reported in [93] (see also [94]), which is large compared to the known exclusive modes. A
loose limit Br (B ! B + X) . 1 � 2 % can be derived assuming that the (also reported [95, 96]) modes
Br (B ! pp̄ + anything) = 2.47 ± 0.23% and Br

�
B ! ⇤p̄/⇤̄p + anything

�
= 2.5 ± 0.4 % do not contain

any invisible fermion in the final state. A dedicated search in BABAR or Belle II is highly desirable
and has the potential to probe the full parameter space, given the sensitivity20 of similar searches like
Br (B ! ⇤p̄⌫⌫̄) < 3 · 10�5 (90% cl) using BABAR data [97]. An additional signal of interest arises in the
case when the mixing of the sterile neutrino with SM neutrinos is large enough for it to decay into SM states
within the detection volume. This possibility is discussed in Sec. 7.5.

7.3 Exotic decays of b hadrons at the LHC

At the LHC, b b̄ pairs are copiously produced via strong interactions. These b-quarks subsequently hadronize
and decay. Through the e↵ective four-fermion operators in Table 3, one of the b-quarks may undergo the

20We thank S. Robertson for his input on this matter.
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Figure 6: Decays of the right-handed neutrino through an RPV coupling (left) and charged (center) and neutral
(center) current interactions after a Dirac mass insertion. Propagator arrows indicate the flow of baryon number.

charged current decay of the sterile neutrinos through a mass mixing to SM neutrinos may in general be
long lived22. In particular, the processes ⌫R ! q0 q̄ l and ⌫R ! l+ l� ⌫ (see the center and left diagrams
in Fig. 6) are long lived with decay lengths of order 1 � 106 meters for values of the Yukawa couplings
that lie within the requisite range to accommodate SM neutrino masses. Therefore, depending on the exact
parameters and experimental setup, the sterile neutrino might either leave the detector as missing energy
or decay in a displaced vertex, motivating the use of long lived particle detection techniques.

In the framework presented here, the prompt production and subsequent long lived decay of the sterile
neutrino would produce novel signals at the LHC. Let us exemplify the particular case involving b quarks,
which is the interesting one for baryogenesis. As discuss in the previous sections, two di↵erent production
channels are possible, each one of them producing a signature with some distinctive features.

Firstly, the creation of a b quark and a Dirac bino from a pp collision can proceed as in Fig. 5 (right)
through the  u d b operator in Table 3. The cross section estimated in Eq. (7.2). The bino then promptly
decays into a sterile neutrino and DM through the operator in Eq. (4.17). This is followed by the long lived
decay of the sterile neutrino as discussed above, resulting in a lepton jet (for the CC case). The parton-level
process is therefore

u d ! b ! b ⌫R ⌫̃R ! b q0 q̄ l ⌫̃R , or b l+ l� ⌫ ⌫̃R . (7.3)

In this case, the long lived particle is centrally produced. A potential study in, for instance, the ATLAS
detector would involve a mono-jet signal (as discussed in Sec. 7.4) and an associated long lived decay leading
to a lepton jet [101]. Note that our signal is novel in that it contains a single lepton within the jet.

Secondly, QCD production of a bb̄ pair can be followed by the decay of one of the quarks through the
same four-fermion operator  u d b, resulting in a forward production of quarks, DM and a sterile neutrino
as shown in Fig. 5 (left). The prompt b decay signal can be searched for as discussed in Sec. 7.3 by triggering
on the associately produced b quark. The long lived sterile neutrino decays through the charged or neutral
current channels just discussed. At the partonic level, this corresponds to the process

b ! ū d̄ ! ū d̄ ⌫̃R ⌫R ! ū d̄ ⌫̃R q q̄ l , or ū d̄ ⌫̃R l+ l� ⌫ . (7.4)

The kinematics of these decays would be primed for forward searches such as FASER. We leave a detailed
analysis of all these interesting collider signals to future work.

quarks � ! u d s. Note that this scenario does however not accommodate DM.
22Constructing models which produce collider signals from long-lived sterile neutrino decays is a subject of much

study [100].
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detector would involve a mono-jet signal (as discussed in Sec. 7.4) and an associated long lived decay leading
to a lepton jet [101]. Note that our signal is novel in that it contains a single lepton within the jet.

Secondly, QCD production of a bb̄ pair can be followed by the decay of one of the quarks through the
same four-fermion operator  u d b, resulting in a forward production of quarks, DM and a sterile neutrino
as shown in Fig. 5 (left). The prompt b decay signal can be searched for as discussed in Sec. 7.3 by triggering
on the associately produced b quark. The long lived sterile neutrino decays through the charged or neutral
current channels just discussed. At the partonic level, this corresponds to the process

b ! ū d̄ ! ū d̄ ⌫̃R ⌫R ! ū d̄ ⌫̃R q q̄ l , or ū d̄ ⌫̃R l+ l� ⌫ . (7.4)

The kinematics of these decays would be primed for forward searches such as FASER. We leave a detailed
analysis of all these interesting collider signals to future work.

quarks � ! u d s. Note that this scenario does however not accommodate DM.
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1. Searches for exotic decays: B mesons to baryons and invisibles. 
Belle-2 already looking into this. 

2. Improved measurements of the oscillation asymmetry 

3. Model specific searches: Long lived decays at the LHC, 
neutrino experiments, dark matter searches, neutron stars and 
more.

A Roadmap to Discovery
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Exotic B Meson Decays

17

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

s and B0
d systems.

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
. (42)

Equation (42) 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 (42) 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 (42) in the time interval
t ! t + 1/�B leads to:

�nB =

Z
t+1/�B

t

dnB

dt
(t0)dt

0 (43)

=

Z
t+1/�B

t

��n�(t0)dt
0 =

��

�B

n�(t) .

Now, we can clearly compare the decay and annihilation
rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
. (44)

When solving numerically for the � number density we
found that even with an annihilation cross section of
h�vi = 10 mb, 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.

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
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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 DM, and for ⇤b baryons decaying to
mesons and DM. Note that the mass di↵erence between
final and initial states 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.

G. Elor



Why B Mesons?

• Kinematics: Dark baryons must be GeV scale. Only B mesons are heavy 
enough to decay into GeV scale. Charge dark particle under lepton number 
instead, then it can be light.  

• Neutral D Mesons don’t have a lot of CP violation in their oscillations, but 
charged D Mesons have a lot of CP violation in their decays.
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s

B0
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Figure 2: Left: Values of the numerically determined functions ↵d and ↵s as a function of the reheating tem-
perature over the range of interest 4 � 100 MeV, computed following the prescription of [41]. In order to account
for the uncertainty in the calculation coming from the lack of precise knowledge of the scattering rate � of e± o↵ B
mesons in the primordial plasma, we conservatively allow for up to a factor of 4 uncertainty in �. This uncertainty
mostly stems to the lack of knowledge about the charge radius of the neutral B mesons. Right: Branching ratio of B
mesons to visible baryons and dark antibaryons necessary to reproduce the baryon asymmetry of the Universe, also
as a function of the reheating temperature. We use the largest experimentally allowed values for the semileptonic
asymmetries and give the results for 3 di↵erent values of the mass of �. We use di↵erent shades of the colors to
highlight uncertainties coming from the scattering rate as explained above and, additionally, from potential varia-
tions in the fragmentation ratio of b quarks to B0

s and B0
d mesons [4] (we use a benchmark ratio of 1 : 4 but to be

conservative allow it to be as large as 1 : 2). In this range of parameters, branching ratios in the 0.001 � 0.1 range
can lead to successful baryogenesis.

in the (⇡, 2⇡) range give a negative contribution to the asymmetry. It is important to note that in the B0
d

system the asymmetry is bound to be negative, while in the B0
s

system it can be positive. More precisely,

we obtain the following 95% cl ranges for the semileptonic asymmetries7:

ad

sl 2
⇥
�8.9 ⇥ 10�4, �9.0 ⇥ 10�5

⇤
, and as

sl 2
⇥
�2.1 ⇥ 10�4, 4.1 ⇥ 10�4

⇤
. (3.13)

This is a much tighter region than the one quoted in Eq. (2.7), which is an average of only direct mea-

surements of the asymmetries. Of course, the one we have derived here is reliant on the extra assumptions

mentioned above regarding the NP contributions.

3.2 The Branching Fraction Br(B0 ! B + X)

Taking the values in Eq. (3.13) as reference for the maximum positive asymmetry that can be accommodated
by NP contributions, we may use (2.4) to set a limit on the possible branching fraction of neutral B mesons
to baryons and dark sector states Br

�
B0 ! B + X

�
that is required to reproduce the observed baryon

asymmetry of the Universe.
The baryon asymmetry is solved for by evolving a set of coupled Boltzmann equations [6, 39, 41]

governing the evolution of the number densities of the relevant particles �, B, B̄ and the DM. The solution

7Our limits di↵er by up to a factor of 2 from the ones derived in [50] (see http://www.utfit.org for up-to-date
results), which are extracted from a global fit of all SM+NP parameters including all relevant constraints.
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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.
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While there is no direct search for the branching ratio
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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

e�III/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� + ��
I d

�
�) (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 ± ��
I d

�
� ± �Id� , (1.11)

d� = ��(� · �)��̇ �̃†�̇ ����!
RPI-I

d� ± ��
I d , (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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SM = �4.2 ⇥ 10�4 – the dip in the asymmetry can be understood from the negative value of
Ad
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vary taking into account all constraints.

DM masses are constrained by kinematics, proton and
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take the Yukawa coupling in the dark sector to be 0.3
since this value enables an e�cient depletion of the heav-
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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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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

e�III/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� + ��
I d

�
�) (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 ± ��
I d

�
� ± �Id� , (1.11)

d� = ��(� · �)��̇ �̃†�̇ ����!
RPI-I

d� ± ��
I d , (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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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 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.

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.

The upper limit on the � mass is imposed because
above ⇠ 100 GeV, the scalar could potentially have a
small branching fraction to b quarks (see e.g. [39]).

DM masses are constrained by kinematics, and neu-
tron star stability – Equations (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 heavier
DM state to the lower one, thus simplifying the phe-
nomenology. For su�ciently lower values of this cou-
pling 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

sys-
tems respectively. Note that these values allow for
additional new physics contributions beyond those ex-
pected from the SM alone [14, 15]: 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(B ! ⇠� + 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 d si, we can, based on the B

+ decay to cX, set
the bound Br(B ! ⇠� + Baryon) < 0.1 at 95% CL [4].

C. Results and Discussion

The recent Planck CMB observations imply a co-
moving baryon asymmetry of YB = (nB � nB̄)/s =
(8.718 ± 0.004) ⇥ 10�11 [2]. In our scenario, even with-
out fully solving the system of Boltzmann equations, we
can see from integrating Equation (16) that the baryon
asymmetry directly depends upon the product of leptonic
asymmetry times branching fraction:

YB /
X

q=s,d

A
q

``
⇥ Br(B0

q
! �⇠ + Baryon + X) .

Meanwhile, the DM relic abundance is measured to be
⌦DMh

2 = 0.1200 ± 0.0012 [2] and reads ⌦DMh
2 =

[m⇠Y⇠ + m�(Y� + Y�?)] s0h
2
/⇢c (where s0 is the current

entropy density and ⇢c is the critical density). In Fig-
ure 3 we display the results (the comoving number den-
sity of the various components) of numerically solving the
Boltzmann equations for two sample benchmark points
that reproduce the observed DM abundance and baryon
asymmetry.

Consider the plot on the right panel of Figure 3, which
corresponds to the case where DM is comprised of � and
�

⇤ particles. We can understand the behavior of the
particle yields as follows: � particles starts to decay at
T ⇠ 50 MeV, thereby increasing the abundance of the
dark particles ⇠ and � + �

⇤ until T ⇠ 10 MeV at which
point � decay completes (as it must, so that the predic-
tions of BBN are preserved). The dip in the dark particle
yields at lower temperatures is the necessary e↵ect of the
additional annihilations – which reduce the yield to re-
produce to the observed DM abundance. Meanwhile, the
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Generate Neutrino Masses

6.3 Generation of Neutrino Masses

As was discussed in Sec. 4.6, the SM neutrinos ⌫ acquire a tiny mass through their Dirac mass mixing with
the Majorana right-handed neutrinos ⌫R. This is nothing but the well-known type-I seesaw mechanism [30–
33]. As usual, diagonalization of the neutrino mass matrix with terms from Eq. (4.19) and Eq. (4.18) leads
to a large eigenvalue m⌫R ⇠ MM and a small one m⌫ = 4 y2

N
v2 sin2 �/m⌫R , as long as the Yukawa yN sin �

is su�ciently small. Successful baryogenesis requires the existence of at least one right-handed neutrino
with a mass m⌫R ⇠ GeV. At the same time, current experimental data constrain the mass of any of the
SM neutrinos to be m⌫ . 0.12 eV [34, 70, 71]. Fulfilling these two conditions bounds ⌫R’s contribution to
the seesaw, constraining the sterile neutrino Yukawa coupling to be19

yN sin � . 2 · 10�8

r
m⌫R

1 GeV
. (6.6)

This translates into an upper limit for the mixing between the active and the sterile neutrino, which is given
as usual by the ratio of the Dirac to Majorana mass terms, corresponding to |U | ⌘ yN v sin �/m⌫R in terms
of our model parameters. We find

|U |2 . 10�10 m⌫R

1 GeV
. (6.7)

The usual phenomenological constraints for type-I seesaw models with GeV-scale right-handed neutrinos
apply to our scenario. The strongest limits come from a combination of beam dump, LEP and B factory
searches (see [72] for a recent review). Meaningful bounds can also be obtained from displaced vertices
searches at LHC [73]. In the most simplistic scenario which we discuss here, the mixing between sterile
and active neutrino flavors is expected to be small, |U |2 ⇠ 10�11, which is beyond the reach of current
experimental setups.

As a particular feature, our model predicts that a relatively large number of sterile neutrinos are
produced in B meson decays. As was discussed in Sec. 6.1, a new decay channel for B mesons with branching
ratio of & 10�3 is required for baryogenesis. The bino produced in this process decays predominantly to
a right-handed neutrino and sneutrino pair, constituting a large new production cross section for sterile
neutrinos. Experiments like LHCb and other B factories and SHiP [34], where ⇠ 7 · 1013 B mesons are
expected to be produced, are best posed to take advantage of this production channel, potentially allowing
to place meaningful constraints in the parameters of the model. We leave a more detailed investigation of
this interesting possibility for future work.

6.4 Dark Matter Stability

The stability of the right-handed sneutrino DM is a consequence of kinematic relations and the action of a
stabilizing symmetry which is a combination of baryon and lepton number. This stability is however not
absolute, as decays into three light (anti)quarks and a SM neutrino are possible via a higher dimensional
operator. The diagram for the process is shown in Fig. 4. The first vertex corresponds to the coupling of
the Dirac bino to the dark sector sterile neutrino multiplet through Eq. (4.17). The second is an e↵ective
four-fermion operator analogous to the ones shown in Table 3, but with a di↵erent flavor combination,

19Baryogenesis only requires the existence of one GeV-scale right-handed neutrino, but additional sterile neutrinos
may be present and play a role in the generation of SM neutrino masses. We are therefore unable to make more
precise statements regarding the spectrum of neutrino masses and Yukawa couplings.
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constructions []. U(1)R is usually taken to be broken at low energies, however, if the R symmetry is exact
(or broken slightly at very high scales) it may be identified with U(1)B baryon number. As such squarks
and quarks, for instance, carry di↵erent baryon number and we identify a right handed down-type squark
d̃R with the heavy colored scalar in the mechanism of []. Additionally, the mechanism of [] requires a GeV
scale Dirac baryon which couples to d̃R and quarks, and mediate decays of the B mesons into the dark
sector. We identify this particle with a Dirac Bino, so that the couplings generating our e↵ective four
fermion operator arise simply from gauge interactions. Furthermore the dark sector states may be identified
with a sterile neutrino supermultiplet. The particles and charge assignment of this model are summarized
in Tables 1 and 2. In what follows we will further elaborate upon the ingredients of this model needed to
realize baryogenesis.

4.1 An Exact U(1)R Symmetry

[GE: I’ve kept lots of details from the notes, we may want to edit this down a bit especially
since nothing here is really new] Our model is similar to the one studies in [13, 18]. Exact R-Symmetry
requires a superpotential with R-charge of 2 (recall that superspace derivatives have D↵ has R-charge of �1).
Given the charge assignment of superfields in 1 the following superpotenital terms respect R-Symmetry:

W ⇢ yuQHuU
c � ydQHdD

c � yeLHdE
c +

1

2
�

00

ijkU
c
iD

c
jD

c
k (4.1)

+ µuHuRd + µdRuHd

The first line of Eq. (4.1) is the usual MSSM superpotential including the R-parity violating term UcDcDc

which is now allowed. The second line describes the Higgs sector; the Ru,d are added to generate µ terms
which are forbidden in models with R symmetry. Electroweak symmetry breaking proceeds as usual when
the scalars of Hu and Hd get vacuum expectation values (the VEVs Ru.d remain zero).

Under U(1)R symmetry the charge assignments of the chiral superfields are given in Table 1 of [18],
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 . (4.2)

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

⌘
, (4.3)

so that the first term yields the Y ⇤ūb coupling of (??) i.e. gub = �
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constructions []. U(1)R is usually taken to be broken at low energies, however, if the R symmetry is exact
(or broken slightly at very high scales) it may be identified with U(1)B baryon number. As such squarks
and quarks, for instance, carry di↵erent baryon number and we identify a right handed down-type squark
d̃R with the heavy colored scalar in the mechanism of []. Additionally, the mechanism of [] requires a GeV
scale Dirac baryon which couples to d̃R and quarks, and mediate decays of the B mesons into the dark
sector. We identify this particle with a Dirac Bino, so that the couplings generating our e↵ective four
fermion operator arise simply from gauge interactions. Furthermore the dark sector states may be identified
with a sterile neutrino supermultiplet. The particles and charge assignment of this model are summarized
in Tables 1 and 2. In what follows we will further elaborate upon the ingredients of this model needed to
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4.1 An Exact U(1)R Symmetry

[GE: I’ve kept lots of details from the notes, we may want to edit this down a bit especially
since nothing here is really new] Our model is similar to the one studies in [13, 18]. Exact R-Symmetry
requires a superpotential with R-charge of 2 (recall that superspace derivatives have D↵ has R-charge of �1).
Given the charge assignment of superfields in 1 the following superpotenital terms respect R-Symmetry:

W ⇢ yuQHuU
c � ydQHdD

c � yeLHdE
c +

1

2
�

00

ijkU
c
iD

c
jD

c
k (4.1)

+ µuHuRd + µdRuHd

The first line of Eq. (4.1) is the usual MSSM superpotential including the R-parity violating term UcDcDc
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where the field strength in the case of U(1)Y , is Bµ⌫ = @µB⌫ � @⌫Bµ, and B̃ is a left handed 2-component
Weyl spinor; the Bino in this case. To construct a Dirac gaugino we must add another 2 component Weyl
spinor to the theory, in the adjoint for instance we can add an R-charge zero superfield;

S(yµ) = �s +
p
2�↵s ✓↵ + ✓↵✓↵Fs (4.5)

Likewise we add multiplets for the other two gauge fields. Thus in addition to (??) the following superpo-
tential terms are now allowed

W ⇢ �tuHuTRd + �tdRuTHd + �sdSRuHd . (4.6)

A mass term may be generated from the following superpotnetial []

Lmass =
p
2

Z
d2✓W

0↵


c1
⇤1

WB̃
↵S+

c2
⇤2

WW̃ i
↵ Ti +

c3
⇤3

Wg̃a
↵ Oa

�
+ h.c. (4.7)

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), so that (4.7) generates

LB̃
mass �

p
2c1

D

⇤1
B̃↵�s,↵ + c1

DD1

⇤1
�s ) m 1 =

p
2c1

D

⇤1
where  1 =


B̃
�†s

�
(4.8)

where the second term of (4.7) vanishes on-shell when D1 = 0. Therefore it is clear that we can identify
 1 with a Dirac gaugino, and can be motivated by embedding these degrees of freedom in a N = 2
hypermultiplet []. We get similar expressions for the other gauginos with m 2,3 /

p
2c2,3D/⇤2,3. [GE:

Can have ⇤2 ⇠ ⇤3]
We can get soft scalar masses for squarks (and other superpartners) in the usual way [19]:

Z
d4✓

X†X

M
Q†

iQj + ... (4.9)

[GE: Why does a similar operator not give a Majorana mass to the gauginos][GE: Maybe
move discussions of SUSY breaking to an appendix?] 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.

We can now use interactions to generate the second term of (??): Y  ̄s. Interacting chiral matter
theories (with Weyl spinors) have gauge interactions of the form

Lgauge � �
p
2g(�T a †)�a† + h.c. (4.10)

) �
p
2g(d̃⇤RdRB̃

†)�
p
2g(d̃Ld

†
LB̃

†) + h.c.

or �
p
2g( ˜̄dd̄†B̃†)�

p
2g(d̃d†B̃†) + h.c. .

Note that B̃† is a component of the Dirac Gaugino  ̄ =
⇥
�s, B̃†⇤. When we integrate out Y, and perform a

CKM rotation to rotate in the s-flavor eigenstate, we would then have our e↵ective interaction B̃usb.
[GE: Merged from old intro.] For this model to realize the mechanism of Baryogengesis and DM
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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 [20] 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 [6] 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 [21]. This further motivates us to consider the phenomenology of light Dirac
Binos. For instance one may ask if such a scenario can explain the recent muon g � 2 anomaly, we will see
that without Majorana mass terms such a contribution is very small. However, if we now allow for a small
breaking of the R-Symmetry Majorana gaugino masses may be generated from the conformal anomaly
(along with A-terms and small soft squark masses) [], and could allow for sizable g � 2 [GE: check].
However Majorana gaugino masses also induce di-nucleon decays which are experimentally constrained [].
The combination of di-nucleon constraints and kinematic constraint to avoid neutron decay on the gravitino
constrain the allowed couplings of the model.

4.3 Sterile Neutrino and Neutralino Dark Matter

To preserve the baryon asymmetry  1 field to decay into a dark sector, thereby simultaneously generating
a dark matter abundance. Thus far the model we have introduced does not accommodate dark matter.
We may minimally extend this model and introduce a new dark chiral multiplet to embed the baryon
number �1 dark scalar � and our Majorana B = 0 spinor ⇠ into a multiplet � = �⇤ +

p
2✓↵⇠↵ + ✓2F�

We can then generate the coupling �s�⇠ via the Baryon number conserving super potential term W �R
d2✓ (ysS��+m���), which is invariant under � $ �� which will act to stabilize the dark matter

(the 2 symmetry of [6]). Note that also this forbids a �3 term. While this setup is adequate and generic,
we can, interestingly identify the dark sector with states of a right handed neutrino supermultiplet.

In this work we will consider the scenario where the dark sector particles are embedded in a right
handed sterile neutrino multiplet with R-charge +1:

Nc
R = ⌫̃⇤R +

p
2✓⌫†R + ✓2F ⇤

⌫R
. (4.11)

Identifying U(1)R with U(1)B leads to the right handed sneutrino ⌫̃R carrying baryon number �1, and
likewise a B = 0 for the right handed neutrino. Additionally the dark matter particles will now carry lepton
number i.e. Nc

R carries �1 lepton number. Thus the following operators are allowed by all the symmetries
and are added to the superpotential (including a �L = 2 Majorana neutrino mass term):

W � �N
4

SNc
RN

c
R +HuL

iyijNNc,j
R +

1

2
Nc

RMMNc
R + h.c. , (4.12)

where we have allowed for three flavors of sterile neutrinos i, j = 1, 2, 3. The first term of (4.12) may be
expanded in component fields as follows

�N
4

Z
d2✓ SNc

RN
c
R � 4�N

⇣
�s⌫

†
R⌫̃

⇤
R + �s⌫

†
R⌫

†
R

⌘
+ h.c. , (4.13)

this generates a three point interaction (2.2) that mediates the decay of the dirac bino into dark sector sates
⌫R and ⌫̃R, with the identification yd $ �N . For the baryogenesis model to be viable, we need that at least
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Superfield R-Charge L no.

Uc,Dc 2/3 0

Q 4/3 0

Hu,Hd 0 0

Ru,Rd 2 0

S 0 0

L 1 1

Ec 1 �1

Nc
R 1 �1

Table 1: Summary of superfields, where the anti-chiral fields have minus the R-charge of the
chiral superfields. [GE: Format better]

Toy Model Field SUSY Model Spin QEM Baryon no. Lepton no. 2 Mass

� � 0 0 0 0 +1 11� 100GeV

Y d̃R 0 �1/3 �2/3 0 +1 O(TeV)

 

2

664
B̃

�†s

3

775 1/2 0 �1 0 +1 O(GeV)

� �s 0 0 0 0 +1

⇠ ⌫R 1/2 0 0 1 �1 O(GeV)

� ⌫̃R 0 0 �1 1 �1 O(GeV)

Table 2: Summary of fields and charges [GE: Format better]

the mechanism of [] is a novel application of such ingredients and motivate a rather unstudied region of
parameter space; in particular a light (GeV mass scale) Dirac Bino.

R symmetries, under which supercharges and their conjugates transform oppositely allowing for parti-
cles within a given supersymmetric multiplet to carry di↵erent R charges, arise naturally in supersymmetric
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We can now use interactions to generate the second term of (??): Y  ̄s. Interacting chiral matter
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flavor problems at small tanβ while the extended Higgs
sector addresses flavor problems at large tanβ.

IV. FLAVOR WITH AN EXTENDED
R-SYMMETRY

There are many different searches for flavor violation
in precision observables, with many different sources in
supersymmetric theories. There are ∆F = 2 processes,
such as contributions to meson mass differences from
mixing (i.e., K–K̄ and B–B̄ mixing), as well as ∆F = 1
processes, such as b → sγ or µ → eγ. In supersymmet-
ric theories, these can arise from a number of diagrams,
including diagrams involving gauginos, radiative correc-
tions to Higgs couplings, or charged Higgs bosons. In this
section, we will attempt to separate the flavor-violating
effects of Dirac gauginos from those of the absence of
A-terms and of a modified Higgs sector.
In general, we find that the presence of Dirac gaugi-

nos and absence of A-terms ameliorate problems of flavor
over a wide range in tanβ, and are both essential for any
value of tanβ if O(1) flavor violation is to be allowed. At
large tanβ, there are additional diagrams in the MSSM
[37] which become important to FCNCs. These diagrams
are eliminated by extending the Higgs sector to one with
R-symmetric µ terms, thus altogether allowing O(1) fla-
vor violation over the entire range in tanβ.

A. Flavor Violation with Dirac Gauginos

Any process in the MSSM which involves gauginos
propagating in the loop can be affected by the presence of
Dirac, as opposed to Majorana, gauginos. We can loosely
separate those into ∆F = 2 and ∆F = 1 pieces.

1. ∆F = 2 Flavor Violation

The most stringent constraints on flavor violation come
from studies of the kaon system. That the observed KL-
KS mass difference is well explained by standard model
physics places severe constraints on flavor violation in the
squark soft mass squared matrices. In the MSSM, dia-
grams such as Fig. 1 with O(1) flavor violation contribute
well in excess of the experimental limits. Consider first
the contribution to flavor violation from gluinos. For s-d
flavor violation, if the flavor violation is only in the right-
or left-handed squarks, the limits are [4]:

δLL, δRR <
∼ 4.6× 10−2. (8)

In the presence of both left- and right-handed flavor vio-
lation, the limits are more severe:

√

δLLδRR <
∼ 9.6× 10−4. (9)

All results are quoted for mg̃ = mq̃ = 500 GeV.
In the R-symmetric model, the contributions to flavor-

violating processes are significantly reduced due to two
main effects. First, the radiative corrections to squark
masses from Dirac gauginos are finite one-loop effects,
unlike Majorana gauginos that lead to a one-loop log-
enhanced effects familiar in the MSSM. Dirac gauginos
can therefore be naturally heavier than squarks by about
a factor of about 10. This increase in the gaugino mass
implies that flavor-violating observables are suppressed
by m2

q̃/m
2
g̃ ∼ 10−2 in an R-symmetric model, as com-

pared with squarks and gluinos that are inevitably simi-
lar in mass in the MSSM.
If that alone were sufficient to suppress the box dia-

gram, it would have been considered, even with unnatu-
ral tuning, in R-violating supersymmetry. However, the
presence of the R-symmetry goes further. Ordinarily, in-
tegrating out the Majorana gluinos gives dimension five
operators such as:

1

mg̃
d̃∗Rs̃

∗
Ld̄RsL. (10)

The R-symmetry forbids these dimension five operators,
and the leading operators are dimension six, such as:

1

m2
g̃

d̃L∂µs̃
∗
L d̄Lγ

µsL. (11)

The box diagrams are dominated by momenta kbox ∼
mq̃, which leads to an additional overall suppression of
m2

q̃/m
2
g̃ ∼ 10−2. Together, these effects lead to a sizeable

suppression of the box diagram, allowing order one flavor
violating soft masses, even for relatively light squarks.
In the presence of Dirac gauginos, the box diagram

yields a contribution the the K–K̄ mass difference:

∆Mbox = 2(C1M1 + C4M4 + C5M5) , (12)

where:

C1 =
α2
s

216m2
q̃

(δ2LL + δ2RR)66f̃6(x) ,

C4 = −
α2
s

216m2
q̃

(72δLLδRR)f̃6(x) , (13)

C5 =
α2
s

216m2
q̃

(120δLLδRR)f̃6(x),

f̃6(x) =
6x(1 + x) log(x)− x3 − 9x2 + 9x+ 1

3(x− 1)5
,

and

M1 =
1

3
mKf2

KB1 ,

M4 =

(

1

24
+

1

4

(

mK

ms +md

)2
)

mKf2
KB4 , (14)

M5 =

(

1

8
+

1

12

(

mK

ms +md

)2
)

mKf2
KB5 .
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value of tanβ if O(1) flavor violation is to be allowed. At
large tanβ, there are additional diagrams in the MSSM
[37] which become important to FCNCs. These diagrams
are eliminated by extending the Higgs sector to one with
R-symmetric µ terms, thus altogether allowing O(1) fla-
vor violation over the entire range in tanβ.

A. Flavor Violation with Dirac Gauginos

Any process in the MSSM which involves gauginos
propagating in the loop can be affected by the presence of
Dirac, as opposed to Majorana, gauginos. We can loosely
separate those into ∆F = 2 and ∆F = 1 pieces.

1. ∆F = 2 Flavor Violation

The most stringent constraints on flavor violation come
from studies of the kaon system. That the observed KL-
KS mass difference is well explained by standard model
physics places severe constraints on flavor violation in the
squark soft mass squared matrices. In the MSSM, dia-
grams such as Fig. 1 with O(1) flavor violation contribute
well in excess of the experimental limits. Consider first
the contribution to flavor violation from gluinos. For s-d
flavor violation, if the flavor violation is only in the right-
or left-handed squarks, the limits are [4]:

δLL, δRR <
∼ 4.6× 10−2. (8)

In the presence of both left- and right-handed flavor vio-
lation, the limits are more severe:

√

δLLδRR <
∼ 9.6× 10−4. (9)

All results are quoted for mg̃ = mq̃ = 500 GeV.
In the R-symmetric model, the contributions to flavor-

violating processes are significantly reduced due to two
main effects. First, the radiative corrections to squark
masses from Dirac gauginos are finite one-loop effects,
unlike Majorana gauginos that lead to a one-loop log-
enhanced effects familiar in the MSSM. Dirac gauginos
can therefore be naturally heavier than squarks by about
a factor of about 10. This increase in the gaugino mass
implies that flavor-violating observables are suppressed
by m2

q̃/m
2
g̃ ∼ 10−2 in an R-symmetric model, as com-

pared with squarks and gluinos that are inevitably simi-
lar in mass in the MSSM.
If that alone were sufficient to suppress the box dia-

gram, it would have been considered, even with unnatu-
ral tuning, in R-violating supersymmetry. However, the
presence of the R-symmetry goes further. Ordinarily, in-
tegrating out the Majorana gluinos gives dimension five
operators such as:

1

mg̃
d̃∗Rs̃

∗
Ld̄RsL. (10)

The R-symmetry forbids these dimension five operators,
and the leading operators are dimension six, such as:

1

m2
g̃

d̃L∂µs̃
∗
L d̄Lγ

µsL. (11)

The box diagrams are dominated by momenta kbox ∼
mq̃, which leads to an additional overall suppression of
m2

q̃/m
2
g̃ ∼ 10−2. Together, these effects lead to a sizeable

suppression of the box diagram, allowing order one flavor
violating soft masses, even for relatively light squarks.
In the presence of Dirac gauginos, the box diagram

yields a contribution the the K–K̄ mass difference:

∆Mbox = 2(C1M1 + C4M4 + C5M5) , (12)

where:

C1 =
α2
s

216m2
q̃

(δ2LL + δ2RR)66f̃6(x) ,

C4 = −
α2
s

216m2
q̃

(72δLLδRR)f̃6(x) , (13)

C5 =
α2
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(120δLLδRR)f̃6(x),

f̃6(x) =
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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 [20] 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 [6] 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 [21]. This further motivates us to consider the phenomenology of light Dirac
Binos. For instance one may ask if such a scenario can explain the recent muon g � 2 anomaly, we will see
that without Majorana mass terms such a contribution is very small. However, if we now allow for a small
breaking of the R-Symmetry Majorana gaugino masses may be generated from the conformal anomaly
(along with A-terms and small soft squark masses) [], and could allow for sizable g � 2 [GE: check].
However Majorana gaugino masses also induce di-nucleon decays which are experimentally constrained [].
The combination of di-nucleon constraints and kinematic constraint to avoid neutron decay on the gravitino
constrain the allowed couplings of the model.

4.3 Sterile Neutrino and Neutralino Dark Matter

To preserve the baryon asymmetry  1 field to decay into a dark sector, thereby simultaneously generating
a dark matter abundance. Thus far the model we have introduced does not accommodate dark matter.
We may minimally extend this model and introduce a new dark chiral multiplet to embed the baryon
number �1 dark scalar � and our Majorana B = 0 spinor ⇠ into a multiplet � = �⇤ +

p
2✓↵⇠↵ + ✓2F�

We can then generate the coupling �s�⇠ via the Baryon number conserving super potential term W �R
d2✓ (ysS��+m���), which is invariant under � $ �� which will act to stabilize the dark matter

(the 2 symmetry of [6]). Note that also this forbids a �3 term. While this setup is adequate and generic,
we can, interestingly identify the dark sector with states of a right handed neutrino supermultiplet.

In this work we will consider the scenario where the dark sector particles are embedded in a right
handed sterile neutrino multiplet with R-charge +1:

Nc
R = ⌫̃⇤R +

p
2✓⌫†R + ✓2F ⇤

⌫R
. (4.11)

Identifying U(1)R with U(1)B leads to the right handed sneutrino ⌫̃R carrying baryon number �1, and
likewise a B = 0 for the right handed neutrino. Additionally the dark matter particles will now carry lepton
number i.e. Nc

R carries �1 lepton number. Thus the following operators are allowed by all the symmetries
and are added to the superpotential (including a �L = 2 Majorana neutrino mass term):

W � �N
4

SNc
RN

c
R +HuL

iyijNNc,j
R +

1

2
Nc

RMMNc
R + h.c. , (4.12)

where we have allowed for three flavors of sterile neutrinos i, j = 1, 2, 3. The first term of (4.12) may be
expanded in component fields as follows

�N
4

Z
d2✓ SNc

RN
c
R � 4�N

⇣
�s⌫

†
R⌫̃

⇤
R + �s⌫

†
R⌫

†
R

⌘
+ h.c. , (4.13)

this generates a three point interaction (2.2) that mediates the decay of the dirac bino into dark sector sates
⌫R and ⌫̃R, with the identification yd $ �N . For the baryogenesis model to be viable, we need that at least
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where the field strength in the case of U(1)Y , is Bµ⌫ = @µB⌫ � @⌫Bµ, and B̃ is a left handed 2-component
Weyl spinor; the Bino in this case. To construct a Dirac gaugino we must add another 2 component Weyl
spinor to the theory, in the adjoint for instance we can add an R-charge zero superfield;

S(yµ) = �s +
p
2�↵s ✓↵ + ✓↵✓↵Fs (4.5)

Likewise we add multiplets for the other two gauge fields. Thus in addition to (??) the following superpo-
tential terms are now allowed

W ⇢ �tuHuTRd + �tdRuTHd + �sdSRuHd . (4.6)

A mass term may be generated from the following superpotnetial []

Lmass =
p
2

Z
d2✓W

0↵


c1
⇤1

WB̃
↵S+

c2
⇤2

WW̃ i
↵ Ti +

c3
⇤3

Wg̃a
↵ Oa

�
+ h.c. (4.7)

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), so that (4.7) generates

LB̃
mass �

p
2c1

D

⇤1
B̃↵�s,↵ + c1

DD1

⇤1
�s ) m 1 =

p
2c1

D

⇤1
where  1 =


B̃
�†s

�
(4.8)

where the second term of (4.7) vanishes on-shell when D1 = 0. Therefore it is clear that we can identify
 1 with a Dirac gaugino, and can be motivated by embedding these degrees of freedom in a N = 2
hypermultiplet []. We get similar expressions for the other gauginos with m 2,3 /

p
2c2,3D/⇤2,3. [GE:

Can have ⇤2 ⇠ ⇤3]
We can get soft scalar masses for squarks (and other superpartners) in the usual way [19]:

Z
d4✓

X†X

M
Q†

iQj + ... (4.9)

[GE: Why does a similar operator not give a Majorana mass to the gauginos][GE: Maybe
move discussions of SUSY breaking to an appendix?] 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.

We can now use interactions to generate the second term of (??): Y  ̄s. Interacting chiral matter
theories (with Weyl spinors) have gauge interactions of the form

Lgauge � �
p
2g(�T a †)�a† + h.c. (4.10)

) �
p
2g(d̃⇤RdRB̃

†)�
p
2g(d̃Ld

†
LB̃

†) + h.c.

or �
p
2g( ˜̄dd̄†B̃†)�

p
2g(d̃d†B̃†) + h.c. .

Note that B̃† is a component of the Dirac Gaugino  ̄ =
⇥
�s, B̃†⇤. When we integrate out Y, and perform a

CKM rotation to rotate in the s-flavor eigenstate, we would then have our e↵ective interaction B̃usb.
[GE: Merged from old intro.] For this model to realize the mechanism of Baryogengesis and DM
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flavor problems at small tanβ while the extended Higgs
sector addresses flavor problems at large tanβ.

IV. FLAVOR WITH AN EXTENDED
R-SYMMETRY

There are many different searches for flavor violation
in precision observables, with many different sources in
supersymmetric theories. There are ∆F = 2 processes,
such as contributions to meson mass differences from
mixing (i.e., K–K̄ and B–B̄ mixing), as well as ∆F = 1
processes, such as b → sγ or µ → eγ. In supersymmet-
ric theories, these can arise from a number of diagrams,
including diagrams involving gauginos, radiative correc-
tions to Higgs couplings, or charged Higgs bosons. In this
section, we will attempt to separate the flavor-violating
effects of Dirac gauginos from those of the absence of
A-terms and of a modified Higgs sector.
In general, we find that the presence of Dirac gaugi-

nos and absence of A-terms ameliorate problems of flavor
over a wide range in tanβ, and are both essential for any
value of tanβ if O(1) flavor violation is to be allowed. At
large tanβ, there are additional diagrams in the MSSM
[37] which become important to FCNCs. These diagrams
are eliminated by extending the Higgs sector to one with
R-symmetric µ terms, thus altogether allowing O(1) fla-
vor violation over the entire range in tanβ.

A. Flavor Violation with Dirac Gauginos

Any process in the MSSM which involves gauginos
propagating in the loop can be affected by the presence of
Dirac, as opposed to Majorana, gauginos. We can loosely
separate those into ∆F = 2 and ∆F = 1 pieces.

1. ∆F = 2 Flavor Violation

The most stringent constraints on flavor violation come
from studies of the kaon system. That the observed KL-
KS mass difference is well explained by standard model
physics places severe constraints on flavor violation in the
squark soft mass squared matrices. In the MSSM, dia-
grams such as Fig. 1 with O(1) flavor violation contribute
well in excess of the experimental limits. Consider first
the contribution to flavor violation from gluinos. For s-d
flavor violation, if the flavor violation is only in the right-
or left-handed squarks, the limits are [4]:

δLL, δRR <
∼ 4.6× 10−2. (8)

In the presence of both left- and right-handed flavor vio-
lation, the limits are more severe:

√

δLLδRR <
∼ 9.6× 10−4. (9)

All results are quoted for mg̃ = mq̃ = 500 GeV.
In the R-symmetric model, the contributions to flavor-

violating processes are significantly reduced due to two
main effects. First, the radiative corrections to squark
masses from Dirac gauginos are finite one-loop effects,
unlike Majorana gauginos that lead to a one-loop log-
enhanced effects familiar in the MSSM. Dirac gauginos
can therefore be naturally heavier than squarks by about
a factor of about 10. This increase in the gaugino mass
implies that flavor-violating observables are suppressed
by m2

q̃/m
2
g̃ ∼ 10−2 in an R-symmetric model, as com-

pared with squarks and gluinos that are inevitably simi-
lar in mass in the MSSM.
If that alone were sufficient to suppress the box dia-

gram, it would have been considered, even with unnatu-
ral tuning, in R-violating supersymmetry. However, the
presence of the R-symmetry goes further. Ordinarily, in-
tegrating out the Majorana gluinos gives dimension five
operators such as:

1

mg̃
d̃∗Rs̃

∗
Ld̄RsL. (10)

The R-symmetry forbids these dimension five operators,
and the leading operators are dimension six, such as:

1

m2
g̃

d̃L∂µs̃
∗
L d̄Lγ

µsL. (11)

The box diagrams are dominated by momenta kbox ∼
mq̃, which leads to an additional overall suppression of
m2

q̃/m
2
g̃ ∼ 10−2. Together, these effects lead to a sizeable

suppression of the box diagram, allowing order one flavor
violating soft masses, even for relatively light squarks.
In the presence of Dirac gauginos, the box diagram

yields a contribution the the K–K̄ mass difference:

∆Mbox = 2(C1M1 + C4M4 + C5M5) , (12)

where:

C1 =
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s

216m2
q̃

(δ2LL + δ2RR)66f̃6(x) ,

C4 = −
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s

216m2
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(72δLLδRR)f̃6(x) , (13)

C5 =
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216m2
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(120δLLδRR)f̃6(x),

f̃6(x) =
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KS mass difference is well explained by standard model
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masses from Dirac gauginos are finite one-loop effects,
unlike Majorana gauginos that lead to a one-loop log-
enhanced effects familiar in the MSSM. Dirac gauginos
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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

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

• 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.

• 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 (1)

YB =
nB � nB̄

s
= 8.7⇥ 10�11 (2)

⌦Bh
2 = 0.02237 YB =

nB � nB̄

n�

= 6⇥ 10�10 (3)

Y� = n�/s (4)

TBs
 20MeV and TBd

 10MeV (5)

B = 1/3

O(10�4) for Ad

ll
(6)

Asymmetry in B0

s
System

Asymmetry in B0

d
System

1

Right handed 
neutrino multiplet

MSSM Squark

Dirac Bino

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

Superpartners as dark baryons.

Superfield R-Charge L no.

Uc,Dc 2/3 0

Q 4/3 0

Hu,Hd 0 0

Ru,Rd 2 0

S 0 0

L 1 1

Ec 1 �1

Nc
R 1 �1

Table 1: Summary of superfields, where the anti-chiral fields have minus the R-charge of the
chiral superfields. [GE: Format better]

Toy Model Field SUSY Model Spin QEM Baryon no. Lepton no. 2 Mass

� � 0 0 0 0 +1 11� 100GeV

Y d̃R 0 �1/3 �2/3 0 +1 O(TeV)

 

2

664
B̃

�†s

3

775 1/2 0 �1 0 +1 O(GeV)

� �s 0 0 0 0 +1

⇠ ⌫R 1/2 0 0 1 �1 O(GeV)

� ⌫̃R 0 0 �1 1 �1 O(GeV)

Table 2: Summary of fields and charges [GE: Format better]

the mechanism of [] is a novel application of such ingredients and motivate a rather unstudied region of
parameter space; in particular a light (GeV mass scale) Dirac Bino.

R symmetries, under which supercharges and their conjugates transform oppositely allowing for parti-
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Superfield R-Charge L no.
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Nc
R 1 �1

Table 1: Summary of superfields, where the anti-chiral fields have minus the R-charge of the
chiral superfields. [GE: Format better]
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R symmetries, under which supercharges and their conjugates transform oppositely allowing for parti-
cles within a given supersymmetric multiplet to carry di↵erent R charges, arise naturally in supersymmetric

– 9 –

A Supersymmetric Theory

G. Elor



Thermal Freeze-Out
DM

DM SM

SM

Weak
Interaction

0.5 5 50 500

10-12

10-9

10-6

10-3

Time or 1/Temperature

C
om
ov
in
g
nu
m
be
rd
en
si
ty

Freeze-Out

Thermal 
Equilibrium

Increasing 
interaction strength

dn�

dt
+ 3H(t)n� = �(n�

2 � n�,eq
2
)h���$SM |v|i (0.3)

dn�

dt
+ 3H(t)n� = nB�B!�+... (0.4)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

dn�

dt
+ 3H(t)n� = nB�B!�+... � (n�

2 � n�,eq
2
)h���$dark |v|i (0.5)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

n� =
number of dark matter particles

unit volume

dn�

dt
+ 3H(t)n� = �(n

2
�
� n

2
�,eq

)h���$SM |v|i (0.6)

dn�

dt
+ 3H(t)n� = nB�B!�+... (0.7)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

dn�

dt
+ 3H(t)n� = nB�B!�+... � (n

2
�
� n

2
�,eq

)h���$dark|v|i (0.8)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

n� =
number of dark matter particles

unit volume

2

dn�

dt
+ 3H(t)n� = �(n�

2 � n�,eq
2
)h���$SM |v|i (0.3)

dn�

dt
+ 3H(t)n� = nB�B!�+... (0.4)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

dn�

dt
+ 3H(t)n� = nB�B!�+... � (n�

2 � n�,eq
2
)h���$dark |v|i (0.5)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

n� =
number of dark matter particles

unit volume

dn�

dt
+ 3H(t)n� = �(n

2
�
� n

2
�,eq

)h���$SM |v|i (0.6)

dn�

dt
+ 3H(t)n� = nB�B!�+... (0.7)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

dn�

dt
+ 3H(t)n� = nB�B!�+... � (n

2
�
� n

2
�,eq

)h���$dark|v|i (0.8)

dnB

dt
+ 3H(t)nB = �nB�B!�+... � (n

2
B
� n

2
B,eq

)h�BB$SM |v|i

n� =
number of dark matter particles

unit volume

2

G. Elor


