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In this talk, I will try to reignite your excitement for SUSY!

 Leptogenesis
CMA, Chowdhury, Ipek, J Phys. Rev. D 113, 115046

 -symmetric SUSYU(1)R−L

 Neutrino Masses
CMA, Ipek, JHEP 11 (2023) 085
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 symmetric SUSY is great!U(1)R′￼
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Gravitino mass

Fox, et.al., JHEP 08 (2002) 035 
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Gauginos are pseudo-Dirac fermions in  global symmetric SUSY!R′￼ = R − L

“bi o”ν “wi o”νψT
B̃ = (B̃, S†)T : ψT

W̃ = (W̃, T†)T :we call them

Coloma, Ipek, Phys.Rev.Lett. 117 (2016) 11, 111803

Anomaly mediation Supersoft SUSY breaking

Giudice, et. al., JHEP 12 (1998) 027
Randall, Sundrum Nucl. Phys. B557 (1999) 79

mB̃,W̃,S,T ∼ 𝒪(m3/2)

 is approximate when U(1)R′￼
m3/2 ≪ MB̃, MW̃

ℒ ⊃ mB̃B̃ B̃ + mW̃W̃ W̃ + mSS S + mTT T + MB̃S B̃ + MW̃T W̃

CMA, Ipek JHEP 11 (2023) 085
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Neutrino Masses
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The neutrino mass matrix

in the  basis(νi, B̃, W̃, S, T )
Can generate three massive 

light neutrinos with the 
correct mass splittings! 

Hybrid Type I+III ISS

bi o and wi o act as 
RH neutrinos!

ν ν

CMA, Ipek, JHEP 11 (2023) 085
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2 minute summary: We showed that, in a supersymmetric model, pseudo-Dirac fermions can generate light neutrino masses via a hybrid
type I+III inverse seesaw mechanism. Neutrino masses are determined by the ratio of the gravitino mass m3/2 and the messenger scale �M .

What is the Origin of Neutrino Masses?

1. In the StandardModel (SM) of particle physics, neutrinos are massless i.e. There is no
right-handed neutrino in the SM.

2. Neutrino oscillation experiments revealed that neutrinos are massive [3]:

�m
2
12 = 7.41+0.21

≠0.20 ◊ 10≠5 eV2
, |�m

2
13| = 2.507+0.026

≠0.027 ◊ 10≠3 eV2
,

sin2
◊12 = 0.303+0.012

≠0.012 , sin2
◊23 = 0.451+0.019

≠0.016 , sin2
◊13 = 0.02225+0.00056

≠0.00059

3. Themost popular approaches to explain the neutrino masses are the seesawmechanism
of each kind:

Seesawmechanism: Light neutrino masses are inversely proportional to a heavy scale
associated with a right-handed (RH) neutrino mass.

Inverse-seesaw (ISS) mechanism: RH neutrinos are pseudo-Dirac particles and the light
neutrino masses are proportional to a small Majoranamass.

The Model

In the R-symmetric supersymmetry (SUSY), gauginos are
pseudo-Dirac fermions that have both Dirac andMajorana
masses.

We consider a global symmetry where SM leptons and
gauginos are charged under this symmetry, allowing the
mixing between the neutralinos and the active neutrinos.
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pseudo-Dirac Gauginos

SUSY breaking is communicated to the visible sector at a messenger scale �M .
æ Dirac masses of the gauginos are generated through the following operators [4]:
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U(1)R≠L symmetry has to be broken due to gravity.
æ Majoranamasses are generated via anomaly mediation [5],

m eB,fW =
—(g eB,fW )

g eB,fW
m3/2 , mS,T Ã m3/2 = gravitino mass

æ We refer to ( eB S) and (fW T ) pairs as bi‹o and wi‹o.
æ A large hierarchy betweenDirac andMajoranamasses leads to an approximate U(1)R≠L

symmetry.

Neutrino Masses

We introduce the followingU(1)R≠L-conserving and violating operators [1, 2]:
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Neutrino- eB ≠ fW mixing follows
a hybrid type I+III ISS pattern!

In a simplifiedmixing scenario,Y eB,fW ∫ GS,T andGS,T ≥ 0, the light neutrino masses
in normal ordering (NO) are

m1 = 0, m2,3 = v
2(mS + mT )Ô

2�2
M

q
1 ≠ 2— û

p
1 ≠ 4—, — ≥ 0.13

Neutrino Mixing Matrix Elements

∆ Neutrino oscillation data fixes the neutrino mixing structure for a givenmT/mS.

∆ For specific ratios ofMajoranamasses, bi‹o and wi‹o do not mix with certain lepton flavors!

Low-Energy Constraints

1. Themixing of bi‹o and wi‹o with light neutrinos can result in observable
lepton-flavor-violating (LFV) effects.

2. U(1)R≠L-conserving term for wi‹omix charginos and charged leptons, leading to
flavor-changing-neutral-currents (FCNC) at tree level.
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Low-energy searches will only constrain

the messenger scale �M .
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Prospects of our Model

LHC phenomenology: Themodel offers a rich phenomenology!
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A representative example of wi‹o and
chargino pair production with final
states including jets and leptons.

Note that there are manymore!

DarkMatter: In our model, a gravitino could be a dark matter candidate if it is light enough.

Baryon Asymmetry of the Universe : Particle anti-particle oscillations of bino could explain the
baryon asymmetry of the universe (BAU) through a leptogenesis scenario.
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A Simplified Scenario

5

0.1 1 10 100 1000 104 105
10

50
100

500
1000

5000
104

-violating terms ( ) are turned offU(1)R−L Gi
S,T = 0

ΛM ≳ (500 − 1000) TeV mS + mT ∼ (0.1 − 10)MeV
CMA, Ipek, JHEP 11 (2023) 085



(c)

(a) (b)

W̃ †

χ̃
±
1

p

p

B̃

B̃ †

j

j

W ±

Z

W −

W
+

"−

"+

"−

j

j

"+

j

j

W̃ †

W̃
p

p

W −

W
+

"−

"+

"−

"+

j

j

χ̃ ∓
1

χ̃
±
1

Z

"±

"±

"∓

"∓/"∓/ν

Z/h/W∓

p

p

(c)

(a) (b)

W̃ †

χ̃
±
1

p

p

B̃

B̃ †

j

j

W ±

Z

W −

W
+

"−

"+

"−

j

j

"+

j

j

W̃ †

W̃
p

p

W −

W
+

"−

"+

"−

"+

j

j

χ̃ ∓
1

χ̃
±
1

Z

"±

"±

"∓

"∓/"∓/ν

Z/h/W∓

p

p

Cem Murat Ayber, Carleton University                                                                                     CAP 2026, Ottawa, ON, 22.06.2026

LHC Phenomenology
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accidental cancellations

sin2 θ12 = 0.303+0.012
−0.012

sin2 θ23 = 0.451+0.019
−0.016

sin2 θ13 = 0.02225+0.00056
−0.00059

representative LHC final states
Hybrid Mixing Scenario ΛM ≳ (500 − 1000) TeV
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Bino-antibino Oscillations
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To have enough CP violation we require  and mB̃ + mS ≪ MB̃ GS /YB̃ ∼ 𝒪(10−5 − 1)

Bino-antibino oscillations* can generate CP violation

5

In the leptogenesis section, we will set m̃ ' 0.2M
B̃
, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by

| 
B̃
(t)i = g+(t)| B̃

i �
q

p
g�(t)| 

C

B̃
i ,

| c

B̃
(t)i = g+(t)| 

C

B̃
i �

p

q
g�(t)| B̃

i ,
(19)

where

g±(t) =
1

2

⇣
e�imHt� 1

2�Ht
± e�imLt� 1

2�Lt

⌘
. (20)

We quantify the relevant CP -violation in the decays of
the binos by the following parameter;

" =
(N` + N̄`)� (N¯̀+ N̄¯̀)

N` + N̄` +N¯̀+ N̄¯̀
, (21)

where

N` =

Z 1

0
dt

d�( 
B̃
! h`)

dt
, N̄` =

Z 1

0
dt

d�( C

B̃
! h`)

dt
,

and �( 
B̃
! h`) is the partial decay width for an initial

| 
B̃
i state to decay into a lepton state. Note that the

above measure of asymmetry is time-integrated. Setting
��/(2�

B̃
) = 0, in the limit r ⌧ 1 and m � r�

B̃
, we

have the following approximation,

" '
2 sin�x

(1 + x2)

r(1� r2)

(1 + r2)
, (22)

where x ⌘ �m/�
B̃

' 2m/�
B̃
. As expected, the CP

violation is maximized for x ⇠ 1. However, the param-
eter regime we consider will be where x ' O(1 � 1000),
which still results in enough baryon asymmetry. Since
this approximation is valid in the parameter regime we
consider, we will use eq. (22) in the calculation of the
baryon asymmetry later in eq. (35).

B. Other bino interactions

Unlike generic RH neutrinos in various seesaw mod-
els, the bino in this model has copious interactions with
the SM particles. Elastic scatterings of the bino with
the SM fermions in the plasma and bino–antibino anni-
hilations a↵ect the bino–antibino oscillations in the early
universe, and hence the baryon asymmetry that will be
generated through their decays. Assuming a common

sfermion mass, Msf , the relevant e↵ective interaction La-
grangian, after integrating out heavy sfermions, can be
written as [40],

�Lint =
2g2

Y
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Y 2
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PLFF̄PR 

C
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+ Y 2

R
 ̄
B̃
PRFF̄PL B̃

�
,

(23)

where FT = (fL, f̄†
R
) and YL,R are the hypercharges

for the left- and right-handed SM fermions, fL and fR,
respectively. We can rewrite the above Lagrangian, using
Fierz identities, to read,

�Lint =
g2
Y
Y 2
L
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g2
Y

2M2
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 ̄�µPR F̄�µ(gV � gA�5)F , (24)

where gV = Y 2
R
� Y 2

L
and gA = Y 2

R
+ Y 2

L
.

For analyzing the bino–antibino oscillations in the
early universe, it is useful to divide the above interaction
Lagrangian into two parts, for flavor blind and flavor
sensitive interactions,

Lint = Lblind + Lsens ,
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g2
Y

4M2
sf

 ̄
B̃
�µ�5 B̃

F̄�µ(gV � gA�5)F ,
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g2
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(25)

Lblind is symmetric under  
B̃
!  C

B̃
and Lsens is antisym-

metric. (Note that F is kept unchanged.) The thermally-
averaged annihilation and scattering cross-sections for
flavor-blind and flavor-sensitive interactions are
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where
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A .

The sums run over all the quark and lepton flavors. We
take all SM fermions, including the top quark, to be mass-
less, since we consider M

B̃
⇠ O(TeV).

*Analogous to neutral meson oscillations

Ipek, March-Russell, Phys.Rev.D 93 (2016) 12, 123528
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FIG. 1. Regions of bino decay widths relevant for leptogenesis
with respect to the bino mass MB̃ and the messenger scale
⇤M . Here we take m̃ = 0.2MB̃ . In the bottom purple region,
bino decays at a temperature above its mass, T > MB̃ . In
the upper green region, bino lives long enough to decay below
TEW ' 130 GeV, when sphalerons are no longer active.

III. BINO–ANTIBINO OSCILLATIONS IN THE
EARLY UNIVERSE

Pseudo-Dirac gaugino oscillations in vacuum at zero
temperature were studied in the literature [31, 37].
In [31], it was shown that CP violation in pseudo-Dirac
gluino decays can lead to interesting same-sign dilepton
signatures at the LHC. In the early universe, these oscil-
lations would take place in a hot, dense medium in which
the pseudo-Dirac binos interact e�ciently. Furthermore,
the expansion of the universe must be taken into account.
Using the density matrix formalism [38], such an analysis
was carried out in [32] for a baryogenesis scenario with
R-parity violating bino interactions. (See also [39] for
an expansion of that work.) Here we focus on a leptoge-
nesis scenario in which the L-violating interactions also
explain the origin of neutrino masses. In this section, we
will briefly lay out the Boltzmann equations that gov-
ern the CP-violating pseudo-Dirac bino oscillations and
decays in the early universe.

A. Bino oscillations

Before moving on to the early universe, let us summa-
rize the oscillations of pseudo-Dirac binos, a phenomenon
closely analogous to neutral-meson oscillations. We will
be working with the Dirac field and its charge conjugate
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S
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!
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which would be the bino field if the U(1)R�L symme-
try was exact. Note that the term “bino” will be used
both for  B and for its Weyl component B̃. This should

be clear from the context. From the Lagrangian given
in eq. (7), and ignoring the neutrino mass mixing, we
can write the relevant part of the Hamiltonian in the
( 

B̃
, C

B̃
) bases as

H = M�
i

2
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,

where MD ' M
B̃

and m ' (m
B̃

+ m⇤
S
)/2 are the

renormalized Dirac and Majorana masses2, respectively,
and g

B̃
=
P

i
fiMB̃

/⇤M and gS =
P

i
dim̃/⇤M . (We

have taken the Dirac mass M
B̃

to be real.) As dis-
cussed before, we will consider binos that are heavier than
⇠ 500 GeV, and thus they can decay into final states with
a Higgs boson, gauge bosons, and leptons via their mix-
ing with the neutrinos. For the lepton asymmetry, we
will only track the decays of B̃, S ! h`.
Using the same notation as in the meson mixing case,

we can easily find the heavy and light eigenstates of the
above Hamiltonian,

| Hi = p| 
B̃
i � q| C

B̃
i, | Li = p| 

B̃
i+ q| C
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i , (14)

where
✓
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The corresponding eigenvalues are �H,L = mH,L �

i�H,L/2. The mass and width di↵erences between the
heavy and light eigenstates are important for the oscilla-
tion dynamics and can be written as

�m = R(�H � �L), �� = �2I(�H � �L) , (16)

where �H � �L = 2

s✓
M12 �

i

2
�12

◆✓
M⇤

12 �
i

2
�⇤
12

◆
.

Although both the mass and the width part of the
Hamiltonian in eq. (13) can be complex, there is only
one physical phase in this system. We choose a real mass
matrix, putting the CP violating phase in �. The decay
matrix can be rewritten as

� = �
B̃

 
1 2rei�

2re�i� 1

!
, (17)

where �
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is the bino decay width given in eq. (10) and
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2 The Dirac mass is multiplicatively renormalized while the Majo-
rana mass will get contributions from interactions. The loop

contributions to the Majorana mass are � ⇠
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S
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(4⇡)2⇤2
M

. O(10�14 eV).
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In the leptogenesis section, we will set m̃ ' 0.2M
B̃
, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by
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We quantify the relevant CP -violation in the decays of
the binos by the following parameter;
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and �( 
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! h`) is the partial decay width for an initial

| 
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i state to decay into a lepton state. Note that the

above measure of asymmetry is time-integrated. Setting
��/(2�
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) = 0, in the limit r ⌧ 1 and m � r�
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have the following approximation,
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r(1� r2)

(1 + r2)
, (22)

where x ⌘ �m/�
B̃

' 2m/�
B̃
. As expected, the CP

violation is maximized for x ⇠ 1. However, the param-
eter regime we consider will be where x ' O(1 � 1000),
which still results in enough baryon asymmetry. Since
this approximation is valid in the parameter regime we
consider, we will use eq. (22) in the calculation of the
baryon asymmetry later in eq. (35).

B. Other bino interactions

Unlike generic RH neutrinos in various seesaw mod-
els, the bino in this model has copious interactions with
the SM particles. Elastic scatterings of the bino with
the SM fermions in the plasma and bino–antibino anni-
hilations a↵ect the bino–antibino oscillations in the early
universe, and hence the baryon asymmetry that will be
generated through their decays. Assuming a common

sfermion mass, Msf , the relevant e↵ective interaction La-
grangian, after integrating out heavy sfermions, can be
written as [40],

�Lint =
2g2

Y

M2
sf
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B̃
+ Y 2
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PRFF̄PL B̃

�
,

(23)

where FT = (fL, f̄†
R
) and YL,R are the hypercharges

for the left- and right-handed SM fermions, fL and fR,
respectively. We can rewrite the above Lagrangian, using
Fierz identities, to read,
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L
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R
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.

For analyzing the bino–antibino oscillations in the
early universe, it is useful to divide the above interaction
Lagrangian into two parts, for flavor blind and flavor
sensitive interactions,
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Lblind is symmetric under  
B̃
!  C

B̃
and Lsens is antisym-

metric. (Note that F is kept unchanged.) The thermally-
averaged annihilation and scattering cross-sections for
flavor-blind and flavor-sensitive interactions are
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where
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Y
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i=leptons

�
Y 4
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+ Y 4
Li

�
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i=quarks
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Y 4
Ri

+ Y 4
Li

�
1

A .

The sums run over all the quark and lepton flavors. We
take all SM fermions, including the top quark, to be mass-
less, since we consider M

B̃
⇠ O(TeV).
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In the leptogenesis section, we will set m̃ ' 0.2M
B̃
, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by
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⇣
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We quantify the relevant CP -violation in the decays of
the binos by the following parameter;
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eter regime we consider will be where x ' O(1 � 1000),
which still results in enough baryon asymmetry. Since
this approximation is valid in the parameter regime we
consider, we will use eq. (22) in the calculation of the
baryon asymmetry later in eq. (35).
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early universe, it is useful to divide the above interaction
Lagrangian into two parts, for flavor blind and flavor
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The sums run over all the quark and lepton flavors. We
take all SM fermions, including the top quark, to be mass-
less, since we consider M

B̃
⇠ O(TeV).
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We consider a hierarchy  and mS ≪ mT GS ≪ GT

Our model has enough freedom to explain both 

light neutrino masses and the BAU!

wino generates the neutrino masses 

out-of-equilibrium decays of bino create the BAU!

with a tweak*

*The tweak

We allow the following operator to appear*

a new mass scale,  

3

masses when the following e↵ective operators are consid-
ered:

d i

⌘

⇤M

Z
d2✓d2✓̄�†�⌘HuLi, and

f i

�̃

⇤2
M

Z
d2✓W 0

↵
W↵

�̃
HuLi,

where � = 1 + ✓2F� is the conformal compensator and
f i

�̃
, di

⌘
, for �̃ = B̃, W̃ , ⌘ = S, T , and i = e, µ, ⌧ are di-

mensionless, complex coe�cients. Note that in [30], a
scenario with F� = m3/2 was considered, which required
(mS +mT ) ⇠ m3/2 ⇠ O(100 keV) for ⇤M ⇠ O(500 TeV)
to generate the correct neutrino mass scale. Later, we
will see that for leptogenesis, we need a small mass split-
ting for the bino mass eigenstates, m

B̃
+ mS ⇠ F� ⇠

(10�3
� 10) eV, and a messenger scale ⇤M & 107 TeV.

Such a small F� with a large messenger scale would make
neutrino masses far too small to match the neutrino os-
cillation data. Hence, we allow instead for the following
operator to appear,

di
⌘
m̃

⇤M

Z
d2✓�⌘HuLi , (6)

where m̃ � F� is some new mass scale. We leave its UV
completion to future work.

We can now write the part of the Lagrangian relevant
for neutrino masses:

L �
1

2
M

B̃
B̃S +

1

2

⇣
m

B̃
B̃B̃ +mSSS

⌘

+
1

2
M

W̃
W̃T +

1

2

⇣
m

W̃
W̃W̃ +mTTT

⌘

+
f i

B̃
M

B̃

⇤M

B̃hu`i +
di
S
m̃

⇤M

Shu`i

+
f i

W̃
M

W̃

⇤M

W̃hu`i +
di
T
m̃

⇤M

Thu`i + h.c. (7)

We ignore neutralino mixing and assume the two lightest
gauginos are purely bino and wino. After EW symme-
try breaking, this Lagrangian gives rise to the following
neutrino-bino-wino mass matrix, in the (⌫i, B̃, W̃ , S, T )
basis,

M⌫ =

0

BBBBB@

03⇥3 Y
B̃
v Y

W̃
v GSv GT v

Y
T

B̃
v m

B̃
0 M

B̃
0

Y
T

W̃
v 0 m

W̃
0 M

W̃

G
T

S
v M

B̃
0 mS 0

G
T

T
v 0 M

W̃
0 mT

1

CCCCCA
, (8)

where Y i

B̃,W̃
= f i

B̃,W̃
M

B̃,W̃
/⇤M and Gi

S,T
= di

S,T
m̃/⇤M .

The mass matrix above has a hybrid type-I+III ISS struc-
ture, and in its most general form, it can generate all
non-zero neutrino mass eigenvalues. In [30], a simplified
scenario withGS,T = 0 was analyzed. The resulting light
neutrino masses for normal ordering were determined to
be

m1 = 0 , m2,3 =
v2(mS +mT )

p
2⇤2

M

q
1� 2� ⌥

p
1� 4� ,

(9)

where m2 < m3. The mass-squared splitting ratios
�m2

solar/�m2
atm, set the parameter � ' 0.13. Notably,

the light neutrino masses are independent of the Dirac
masses.

In this work, focusing on generating the baryon asym-
metry, we will allow all terms in the above mass matrix
to be non-zero. This case is much more general than the
simplified scenario described above, and an analytical so-
lution for neutrino masses is not readily available. For
the leptogenesis scenario that will be described shortly,
we will consider a hierarchy where mS ⌧ m̃ < mT . In
this case, we expect the wino part of the mass Lagrangian
in eq. (7), coming from the terms with mT and GT , to
be more important for generating the neutrino masses,
while we will use the bino part for generating the baryon
asymmetry.

For successful leptogenesis, in order to have enough
CP violation, we will require m

B̃
+ mS ⌧ M

B̃
and

GS/YB̃
⇠ m̃/M

B̃
⇠ O(10�4

� 1). Furthermore, the out-
of-equilibrium condition will be satisfied by the out-of-
equilibrium decays of a long-lived bino. (Note that al-
though the wino can be long-lived with a suitable choice
of the particle spectrum, we focus only on the bino here.)
Thus, an important quantity is the bino width. Assum-
ing bino is the lightest neutralino, M

B̃
< M

W̃
, its width

is

�
B̃
'

M3
B̃
+M

B̃
m̃2

8⇡⇤2
M

. (10)

The out-of-equilibrium condition can be met for �
B̃

<
H(T = M

B̃
) where H(T ) is the Hubble expansion rate

given by,

H(T ) =

r
4⇡3g⇤
45

T 2

MPl
, (11)

during radiation domination. Here, g⇤ is the number of
relativistic degrees of freedom, ⇠ 100 for the temperature
scale we will consider, and MPl = 1.2 ⇥ 1019 GeV is
the Planck mass. Additionally, we will require the bino
to decay before the sphalerons turn o↵, �

B̃
< H(T =

130 GeV.

Thus, we consider a bino heavier than 500 GeV and
messenger scales ⇤M & O(107 TeV). (See Figure 1.)
Furthermore, the amount of CP violation needed to gen-
erate the correct baryon asymmetry will be selected for
a (wide) range of m

B̃
+mS and m̃. (See fig. 3.) We also

note that the condition on the lifetime is the reason why
the pure-bino case in [29] cannot account for both neu-
trino masses and the BAU. The parameters that allow
for out-of-equilibrium bino decays result in a too small
contribution to neutrino masses. In the bino-wino hybrid
scenario of [30], there is enough freedom to accommodate
both light neutrino masses and a long-lived bino.

m̃ ≫ m3/2
* future work.

 MB̃ > 130 GeV
ΛM ≳ 𝒪(107 TeV)

For successful leptogenesis
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Boltzmann Equations

10

Valid in the non-relativistic regime!

We use density matrix formalism to incorporate the oscillation dynamics 
in the early universe 

Vacuum oscillations Scatterings Annihilations

6

C. Oscillations in the early universe

The CP violation necessary for generating the BAU
requires that bino–antibino oscillations take place in the
early universe. We follow the density matrix formalism
described in [38] in order to incorporate the oscillation
dynamics in the early universe. This method was de-
veloped for neutrino oscillations in the medium and the
early universe [41, 42] and was later applied to asymmet-
ric dark matter models [38, 43, 44].

The following Boltzmann equation describes the
evolution of the bino density matrix Y(⌘ n/s /P
 

B̃
, 

C

B̃

fij |iihj| with the generalized quantum distribu-

tion functions fij) in the non-relativistic regime,

zH
dY

dz
= �i(HY �YH

†)�
X

+,�

�±
2

[O± [O±,Y]]

�

X

+,�
sh�vi±

✓
1

2
{Y, O±ȲO±}� Y 2

eq

◆
,

(27)

where z = M
B̃
/T, s = 2⇡2g⇤T 3/45 is the entropy density,

H is the Hamiltonian given in eq. (13) and

Yeq =
neq

s
=

45

4⇡3
p
2⇡g⇤

z3/2e�z, (28)

is the equilibrium abundance for z > 1. O± =
diag(1,±1) and the subscript ± di↵erentiate between in-
teraction terms that are symmetric (+) or antisymmetic
(�) under the transformation  

B̃
!  C

B̃
. For binos, both

types of interactions are present. (See eq. (25).) Note
that the above equation is only valid for non-relativistic
particles, ignoring e↵ects O(p2/M2), where p ⇠ T . (The
Hamiltonian is given for p = 0.) Hence, we only use this
equation for z = M

B̃
/T > 1. The density matrices are

Y =

 
Y 

B̃
Y 

B̃
 

C

B̃

Y C

B̃
 

B̃

Y C

B̃

!
, Ȳ =

 
Y C

B̃

Y C

B̃
 

B̃

Y 
B̃
 

C

B̃

Y 
B̃

!
,

whose diagonal elements correspond to the bino and an-
tibino abundances, e.g. Y = n 

B̃
/s.

In eq. (27), the first term describes oscillations in vac-
uum in the presence of CP violation and decays. The
second term accounts for scatterings, where �± is the
scattering rate. This term vanishes for scatterings that
are symmetric under  

B̃
!  C

B̃
. The last term is for

annihilations, and h�vi± is the thermally-averaged anni-
hilation cross section.

It is illuminating to write the Boltzmann equations in
terms of the following redefined densities:

⌃ = Y 
B̃
+ Y C

B̃

, � = Y 
B̃
� Y C

B̃

, (29)

⇧ = Y 
B̃
 

C

B̃

+ Y C

B̃
 

B̃

, ⌅ = Y 
B̃
 

C

B̃

� Y C

B̃
 

B̃

.

FIG. 2. The bino (orange) and antibino (purple) abundances
for an initial asymmetry of zero. For CP violating parameter
we take r = 0.2 and sin� = 1. With MB̃ = 1 TeV and
⇤M = 4⇥ 107 TeV, we have �B̃ ' 2.5⇥ 10�5 eV.

Using the above, eq. (27) becomes,

zH
d⌃

dz
=� �

B̃
⌃+ 2�

B̃
r(i sin�⌅� cos�⇧)

�
s

2
(h�viannsens � h�viannblind)(⌅

2
�⇧2)

�
s

2
(h�viannsens + h�viannblind)(⌃

2
��2

� 4Y 2
eq) ,

zH
d�

dz
=� �

B̃
�+ 2im⌅ ,

zH
d⌅

dz
=�

�
�
B̃
+ 2�scat

sens + s⌃ h�viannblind

�
⌅

+ 2im�� 2i�
B̃
r sin�⌃ ,

zH
d⇧

dz
=�

�
�
B̃
+ 2�scat

sens + s⌃ h�viannblind

�
⇧

� 2�
B̃
r cos�⌃ .

(30)
Note that the scattering rates are defined as

�scat =
3⇣(3)

2⇡2

✓
M

B̃

z

◆3

h�viscat , (31)

where the relevant cross sections are given in eq. (26). As
a representative example, in fig. 2 we plot the bino and
antibino yields for M

B̃
= 1 TeV, Msf = 50 TeV, ⇤M =

4 ⇥ 107 TeV and m = 10�4 eV. It can be seen in fig. 2
that the oscillations start around z ⇠ 12, corresponding
to T ⇠ 80 GeV, which is below Tsph ' 130 GeV. This
set of parameters was chosen to showcase the oscillations
with CP violation. In the next section, we will focus on
larger m values so that bino oscillations start before the
sphalerons shut o↵.
Let us estimate when the oscillations commence. Co-

herent bino–antibino oscillations can only start after the
Hubble rate falls below the oscillation frequency, !osc =
�m > H(T ). However, bino interactions with the SM
plasma tend to hinder oscillations as well. This phe-
nomenon is an example of the quantum Zeno e↵ect [45],
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The CP violation necessary for generating the BAU
requires that bino–antibino oscillations take place in the
early universe. We follow the density matrix formalism
described in [38] in order to incorporate the oscillation
dynamics in the early universe. This method was de-
veloped for neutrino oscillations in the medium and the
early universe [41, 42] and was later applied to asymmet-
ric dark matter models [38, 43, 44].

The following Boltzmann equation describes the
evolution of the bino density matrix Y(⌘ n/s /P
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that the above equation is only valid for non-relativistic
particles, ignoring e↵ects O(p2/M2), where p ⇠ T . (The
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second term accounts for scatterings, where �± is the
scattering rate. This term vanishes for scatterings that
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FIG. 2. The bino (orange) and antibino (purple) abundances
for an initial asymmetry of zero. For CP violating parameter
we take r = 0.2 and sin� = 1. With MB̃ = 1 TeV and
⇤M = 4⇥ 107 TeV, we have �B̃ ' 2.5⇥ 10�5 eV.
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Note that the scattering rates are defined as

�scat =
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where the relevant cross sections are given in eq. (26). As
a representative example, in fig. 2 we plot the bino and
antibino yields for M

B̃
= 1 TeV, Msf = 50 TeV, ⇤M =

4 ⇥ 107 TeV and m = 10�4 eV. It can be seen in fig. 2
that the oscillations start around z ⇠ 12, corresponding
to T ⇠ 80 GeV, which is below Tsph ' 130 GeV. This
set of parameters was chosen to showcase the oscillations
with CP violation. In the next section, we will focus on
larger m values so that bino oscillations start before the
sphalerons shut o↵.
Let us estimate when the oscillations commence. Co-

herent bino–antibino oscillations can only start after the
Hubble rate falls below the oscillation frequency, !osc =
�m > H(T ). However, bino interactions with the SM
plasma tend to hinder oscillations as well. This phe-
nomenon is an example of the quantum Zeno e↵ect [45],
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In the leptogenesis section, we will set m̃ ' 0.2M
B̃
, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by
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We quantify the relevant CP -violation in the decays of
the binos by the following parameter;
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. As expected, the CP

violation is maximized for x ⇠ 1. However, the param-
eter regime we consider will be where x ' O(1 � 1000),
which still results in enough baryon asymmetry. Since
this approximation is valid in the parameter regime we
consider, we will use eq. (22) in the calculation of the
baryon asymmetry later in eq. (35).

B. Other bino interactions

Unlike generic RH neutrinos in various seesaw mod-
els, the bino in this model has copious interactions with
the SM particles. Elastic scatterings of the bino with
the SM fermions in the plasma and bino–antibino anni-
hilations a↵ect the bino–antibino oscillations in the early
universe, and hence the baryon asymmetry that will be
generated through their decays. Assuming a common

sfermion mass, Msf , the relevant e↵ective interaction La-
grangian, after integrating out heavy sfermions, can be
written as [40],
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where FT = (fL, f̄†
R
) and YL,R are the hypercharges

for the left- and right-handed SM fermions, fL and fR,
respectively. We can rewrite the above Lagrangian, using
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�Lint =
g2
Y
Y 2
L

M2
sf

 ̄C

B̃
�µPL 

C

B̃
F̄�µPRF ,

+
g2
Y
Y 2
R

M2
sf

 ̄
B̃
�µPR B̃

F̄�µPLF ,

=
g2
Y

2M2
sf

 ̄�µPR F̄�µ(gV � gA�5)F , (24)

where gV = Y 2
R
� Y 2

L
and gA = Y 2

R
+ Y 2

L
.

For analyzing the bino–antibino oscillations in the
early universe, it is useful to divide the above interaction
Lagrangian into two parts, for flavor blind and flavor
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The sums run over all the quark and lepton flavors. We
take all SM fermions, including the top quark, to be mass-
less, since we consider M

B̃
⇠ O(TeV).
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In the leptogenesis section, we will set m̃ ' 0.2M
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, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by
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baryon asymmetry later in eq. (35).

B. Other bino interactions

Unlike generic RH neutrinos in various seesaw mod-
els, the bino in this model has copious interactions with
the SM particles. Elastic scatterings of the bino with
the SM fermions in the plasma and bino–antibino anni-
hilations a↵ect the bino–antibino oscillations in the early
universe, and hence the baryon asymmetry that will be
generated through their decays. Assuming a common

sfermion mass, Msf , the relevant e↵ective interaction La-
grangian, after integrating out heavy sfermions, can be
written as [40],

�Lint =
2g2

Y

M2
sf

�
Y 2
L
 ̄C

B̃
PLFF̄PR 

C

B̃
+ Y 2

R
 ̄
B̃
PRFF̄PL B̃

�
,

(23)
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In the leptogenesis section, we will set m̃ ' 0.2M
B̃
, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by
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. As expected, the CP

violation is maximized for x ⇠ 1. However, the param-
eter regime we consider will be where x ' O(1 � 1000),
which still results in enough baryon asymmetry. Since
this approximation is valid in the parameter regime we
consider, we will use eq. (22) in the calculation of the
baryon asymmetry later in eq. (35).
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Unlike generic RH neutrinos in various seesaw mod-
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The sums run over all the quark and lepton flavors. We
take all SM fermions, including the top quark, to be mass-
less, since we consider M
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C. Oscillations in the early universe

The CP violation necessary for generating the BAU
requires that bino–antibino oscillations take place in the
early universe. We follow the density matrix formalism
described in [38] in order to incorporate the oscillation
dynamics in the early universe. This method was de-
veloped for neutrino oscillations in the medium and the
early universe [41, 42] and was later applied to asymmet-
ric dark matter models [38, 43, 44].

The following Boltzmann equation describes the
evolution of the bino density matrix Y(⌘ n/s /P
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where z = M
B̃
/T, s = 2⇡2g⇤T 3/45 is the entropy density,

H is the Hamiltonian given in eq. (13) and
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is the equilibrium abundance for z > 1. O± =
diag(1,±1) and the subscript ± di↵erentiate between in-
teraction terms that are symmetric (+) or antisymmetic
(�) under the transformation  

B̃
!  C

B̃
. For binos, both

types of interactions are present. (See eq. (25).) Note
that the above equation is only valid for non-relativistic
particles, ignoring e↵ects O(p2/M2), where p ⇠ T . (The
Hamiltonian is given for p = 0.) Hence, we only use this
equation for z = M

B̃
/T > 1. The density matrices are
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whose diagonal elements correspond to the bino and an-
tibino abundances, e.g. Y = n 

B̃
/s.

In eq. (27), the first term describes oscillations in vac-
uum in the presence of CP violation and decays. The
second term accounts for scatterings, where �± is the
scattering rate. This term vanishes for scatterings that
are symmetric under  

B̃
!  C

B̃
. The last term is for

annihilations, and h�vi± is the thermally-averaged anni-
hilation cross section.

It is illuminating to write the Boltzmann equations in
terms of the following redefined densities:
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FIG. 2. The bino (orange) and antibino (purple) abundances
for an initial asymmetry of zero. For CP violating parameter
we take r = 0.2 and sin� = 1. With MB̃ = 1 TeV and
⇤M = 4⇥ 107 TeV, we have �B̃ ' 2.5⇥ 10�5 eV.
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Note that the scattering rates are defined as
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where the relevant cross sections are given in eq. (26). As
a representative example, in fig. 2 we plot the bino and
antibino yields for M

B̃
= 1 TeV, Msf = 50 TeV, ⇤M =

4 ⇥ 107 TeV and m = 10�4 eV. It can be seen in fig. 2
that the oscillations start around z ⇠ 12, corresponding
to T ⇠ 80 GeV, which is below Tsph ' 130 GeV. This
set of parameters was chosen to showcase the oscillations
with CP violation. In the next section, we will focus on
larger m values so that bino oscillations start before the
sphalerons shut o↵.
Let us estimate when the oscillations commence. Co-

herent bino–antibino oscillations can only start after the
Hubble rate falls below the oscillation frequency, !osc =
�m > H(T ). However, bino interactions with the SM
plasma tend to hinder oscillations as well. This phe-
nomenon is an example of the quantum Zeno e↵ect [45],
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, Ȳ =

 
Y C

B̃

Y C

B̃
 

B̃

Y 
B̃
 

C

B̃

Y 
B̃

!
,

whose diagonal elements correspond to the bino and an-
tibino abundances, e.g. Y = n 

B̃
/s.

In eq. (27), the first term describes oscillations in vac-
uum in the presence of CP violation and decays. The
second term accounts for scatterings, where �± is the
scattering rate. This term vanishes for scatterings that
are symmetric under  

B̃
!  C

B̃
. The last term is for

annihilations, and h�vi± is the thermally-averaged anni-
hilation cross section.

It is illuminating to write the Boltzmann equations in
terms of the following redefined densities:

⌃ = Y 
B̃
+ Y C

B̃

, � = Y 
B̃
� Y C

B̃

, (29)

⇧ = Y 
B̃
 

C

B̃

+ Y C

B̃
 

B̃

, ⌅ = Y 
B̃
 

C

B̃

� Y C

B̃
 

B̃

.

FIG. 2. The bino (orange) and antibino (purple) abundances
for an initial asymmetry of zero. For CP violating parameter
we take r = 0.2 and sin� = 1. With MB̃ = 1 TeV and
⇤M = 4⇥ 107 TeV, we have �B̃ ' 2.5⇥ 10�5 eV.

Using the above, eq. (27) becomes,

zH
d⌃

dz
=� �

B̃
⌃+ 2�

B̃
r(i sin�⌅� cos�⇧)

�
s

2
(h�viannsens � h�viannblind)(⌅

2
�⇧2)

�
s

2
(h�viannsens + h�viannblind)(⌃

2
��2

� 4Y 2
eq) ,

zH
d�

dz
=� �

B̃
�+ 2im⌅ ,

zH
d⌅

dz
=�

�
�
B̃
+ 2�scat

sens + s⌃ h�viannblind

�
⌅

+ 2im�� 2i�
B̃
r sin�⌃ ,

zH
d⇧

dz
=�

�
�
B̃
+ 2�scat

sens + s⌃ h�viannblind

�
⇧

� 2�
B̃
r cos�⌃ .

(30)
Note that the scattering rates are defined as

�scat =
3⇣(3)

2⇡2

✓
M

B̃

z

◆3

h�viscat , (31)

where the relevant cross sections are given in eq. (26). As
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= 1 TeV, Msf = 50 TeV, ⇤M =

4 ⇥ 107 TeV and m = 10�4 eV. It can be seen in fig. 2
that the oscillations start around z ⇠ 12, corresponding
to T ⇠ 80 GeV, which is below Tsph ' 130 GeV. This
set of parameters was chosen to showcase the oscillations
with CP violation. In the next section, we will focus on
larger m values so that bino oscillations start before the
sphalerons shut o↵.
Let us estimate when the oscillations commence. Co-

herent bino–antibino oscillations can only start after the
Hubble rate falls below the oscillation frequency, !osc =
�m > H(T ). However, bino interactions with the SM
plasma tend to hinder oscillations as well. This phe-
nomenon is an example of the quantum Zeno e↵ect [45],
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in which scatterings and annihilations can act as mea-
surements on a quantum system. This e↵ect can be ana-
lytically understood by looking at the evolution equations
for �(z) and ⌅(z) above. For an approximate analysis,
we can omit �

B̃
as decays and oscillations are indepen-

dent. We can then solve for ⌅ from the second equation
in eq. (30) and use this in the third equation. After a
change of variables with y = z2, we get

d2�

dy2
+

�̃(y)

2yH

d�

dy
+

m2

y2H2
� = 0 , (32)

where �̃(y) = 2�scat
sens+ s⌃ h�viannblind. (Note that the com-

bination yH is a constant.) This equation describes a
damped harmonic oscillator in which the damping term
drops over time. Oscillations occur only in an under-
damped system. In the existence of interactions, the
start of oscillations is when the following under-damping
requirement is satisfied,

m2

y2H2
>

 
�̃(y)

4yH

!2

) 4m >
�
2�scat

sens + s⌃ h�viannblind

�
z=zosc

.

(33)

If the Majorana mass is large enough, oscillations could
start while the bino is relativistic. However, our treat-
ment in eq. (27) does not capture this regime. To en-
sure the validity of our analysis, we limit our focus to
the parameter space where oscillations begin at temper-
atures below the bino mass Tosc < M

B̃
. Furthermore,

it is preferable for the bino to start oscillating before
it decays to maximize the CP violation. (Since we fo-
cus on bino decays that occur before the sphalerons shut
o↵, T > Tsph = 130 GeV [4], we automatically satisfy
zosc < zsph = M

B̃
/Tsph.) These requirements translate

into a condition on the Majorana mass m range,

�̃(z = 1) > 4m > �̃(z = zdec) , (34)

zdec is when the bino decays. This region is shown in
fig. 3, assuming a thermal bino distribution for the an-
nihilation rate3. In the next section, we will focus on
two benchmark scenarios, depicted in the upper and
lower plots of fig. 3. In the first one (upper), we fix
⇤M = 4⇥ 107 GeV, in which larger bino masses will re-
sult in shorter lifetimes. In the second scenario (lower),
we fix the bino width such that Tdec ' 160 GeV, which
requires larger messenger scales for heavier binos, up to
O(108 TeV). For the Dirac bino masses we consider
O(TeV), the Majorana masses need to be larger than
⇠ 10�3 eV so that the oscillations are not delayed after
the bino starts decaying. In the upper shaded regions,
bino is expected to start oscillating while in equilibrium,

3 For z = 1, the bino is close to equilibrium and for z = zdec � 1,
scattering rate largely dominates over the annihilation rate.

FIG. 3. The parameter space, MB̃ vs the Majorana mass m,
for which bino oscillations start between T = MB̃ and Tdec

for ⇤M = 4⇥ 107 TeV with varying Tdec (upper) and Tdec '

162.5 GeV with varying ⇤M (lower). (See eq. (34) and the
accompanying text.) Dashed/blue and dashed-dotted/purple
lines are for Msf = 50, and 100 TeV, respectively. In the
bottom-shaded region, bino oscillations start after sphalerons
turn o↵, whereas in the upper-shaded regions, oscillations are
expected to start while bino is relativistic, T > MB̃ .

and our non-relativistic analysis does not apply. (We
note that in order to produce the correct baryon asym-
metry, we will be far from this near-relativistic region.)
The interactions are suppressed with larger Msf . Hence,
oscillations can start earlier, limiting the region of valid-
ity. We will choose Msf = 100 TeV as a benchmark value
in the next section. These conditions could be relaxed
with a much more detailed analysis. However, as we show
below, a large parameter space where the baryon asym-
metry can be generated already exists, even with these
limitations.

IV. THE BARYON ASYMMETRY OF THE
UNIVERSE

As the binos oscillate and decay in the early universe,
the resulting lepton asymmetry can be quantified using

5

In the leptogenesis section, we will set m̃ ' 0.2M
B̃
, i.e.

r ' 0.2 as a benchmark value. This choice leads to a large
CP violation, but we will show that the observed BAU
can also be generated with smaller values, r ⇠ 10�4.

The eigenstates of the Hamiltonian are a superposi-
tion of bino and antibino states. A purely particle state
at t = 0 will evolve to acquire an antiparticle compo-
nent, and vice versa for an initial antiparticle state. The
time evolution of an initial particle or antiparticle state
is given by

| 
B̃
(t)i = g+(t)| B̃

i �
q

p
g�(t)| 

C

B̃
i ,

| c

B̃
(t)i = g+(t)| 

C

B̃
i �

p

q
g�(t)| B̃

i ,
(19)

where

g±(t) =
1

2

⇣
e�imHt� 1

2�Ht
± e�imLt� 1

2�Lt

⌘
. (20)

We quantify the relevant CP -violation in the decays of
the binos by the following parameter;

" =
(N` + N̄`)� (N¯̀+ N̄¯̀)

N` + N̄` +N¯̀+ N̄¯̀
, (21)

where

N` =

Z 1

0
dt

d�( 
B̃
! h`)

dt
, N̄` =

Z 1

0
dt

d�( C

B̃
! h`)

dt
,

and �( 
B̃
! h`) is the partial decay width for an initial

| 
B̃
i state to decay into a lepton state. Note that the

above measure of asymmetry is time-integrated. Setting
��/(2�

B̃
) = 0, in the limit r ⌧ 1 and m � r�

B̃
, we

have the following approximation,

" '
2 sin�x

(1 + x2)

r(1� r2)

(1 + r2)
, (22)

where x ⌘ �m/�
B̃

' 2m/�
B̃
. As expected, the CP

violation is maximized for x ⇠ 1. However, the param-
eter regime we consider will be where x ' O(1 � 1000),
which still results in enough baryon asymmetry. Since
this approximation is valid in the parameter regime we
consider, we will use eq. (22) in the calculation of the
baryon asymmetry later in eq. (35).

B. Other bino interactions

Unlike generic RH neutrinos in various seesaw mod-
els, the bino in this model has copious interactions with
the SM particles. Elastic scatterings of the bino with
the SM fermions in the plasma and bino–antibino anni-
hilations a↵ect the bino–antibino oscillations in the early
universe, and hence the baryon asymmetry that will be
generated through their decays. Assuming a common

sfermion mass, Msf , the relevant e↵ective interaction La-
grangian, after integrating out heavy sfermions, can be
written as [40],

�Lint =
2g2

Y

M2
sf

�
Y 2
L
 ̄C

B̃
PLFF̄PR 

C

B̃
+ Y 2

R
 ̄
B̃
PRFF̄PL B̃

�
,

(23)

where FT = (fL, f̄†
R
) and YL,R are the hypercharges

for the left- and right-handed SM fermions, fL and fR,
respectively. We can rewrite the above Lagrangian, using
Fierz identities, to read,

�Lint =
g2
Y
Y 2
L

M2
sf

 ̄C

B̃
�µPL 

C

B̃
F̄�µPRF ,

+
g2
Y
Y 2
R
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 ̄
B̃
�µPR B̃

F̄�µPLF ,

=
g2
Y

2M2
sf

 ̄�µPR F̄�µ(gV � gA�5)F , (24)

where gV = Y 2
R
� Y 2

L
and gA = Y 2

R
+ Y 2

L
.

For analyzing the bino–antibino oscillations in the
early universe, it is useful to divide the above interaction
Lagrangian into two parts, for flavor blind and flavor
sensitive interactions,

Lint = Lblind + Lsens ,

Lblind =
g2
Y

4M2
sf

 ̄
B̃
�µ�5 B̃

F̄�µ(gV � gA�5)F ,

Lsens =
g2
Y

4M2
sf

 ̄
B̃
�µ B̃

F̄�µ(gV � gA�5)F .

(25)

Lblind is symmetric under  
B̃
!  C

B̃
and Lsens is antisym-

metric. (Note that F is kept unchanged.) The thermally-
averaged annihilation and scattering cross-sections for
flavor-blind and flavor-sensitive interactions are
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4M4
sf

, h� viannblind =
CM2

B̃

4M4
sf

1

z
,

h� viscatsens =
CM2

B̃

4M4
sf

3z2 + 6z + 7

6(z4 + z3)
'

CM2
B̃

4M4
sf

1

2z2
,

h� viscatblind =
CM2

B̃

4M4
sf

9z2 + 6z + 2

6(z4 + z3)
'

CM2
B̃

4M4
sf

3

2z2
,

(26)

where

C =
g4
Y

4⇡

0

@
X

i=leptons

�
Y 4
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+ Y 4
Li

�
+ 3

X

i=quarks

�
Y 4
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+ Y 4
Li

�
1

A .

The sums run over all the quark and lepton flavors. We
take all SM fermions, including the top quark, to be mass-
less, since we consider M

B̃
⇠ O(TeV).

*meson-antimeson oscillations xB0
s

≃ 27

*
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the CP -violating parameter in eq. (21)4:

zH(z)
d�L(z)

dz
= "�

B̃

�
⌃(z)� 2Yeq

�
, (35)

where �L = YL � YL̄. (The asymmetry parameter ✏ is
time-integrated, which is a good approximation for the
regime we consider where x ' 1 � 1000.) Here, we in-
clude a washout term from the inverse decays, which is
especially important for Msf . 50 TeV, as the bino in-
teractions are large enough to keep them close to equilib-
rium before they decay. We ignore another washout term
coming from �L = 2 scatterings, h` ! h¯̀ through bino
exchange, since these are highly suppressed by a factor
of |M

B̃
m̃/⇤2

M
|
2.

The lepton asymmetry is partially converted to a
baryon asymmetry through the electroweak sphalerons
in the SM. Sphaleron processes conserve B �L while vi-
olating B + L. By doing a detailed balance of chemical
potentials in various electroweak interactions, one finds

�B =
32 + 4nH

98 + 13nH

�(B�L), (36)

where nH is the number of Higgs doublets. (See, e.g.,
[16] for a review.) We use a minimally supersymmet-
ric model where nH = 2. This conversion ceases when
the sphalerons fall out of equilibrium at a temperature
of Tsph = 130 GeV [4]. Thus, the resulting baryon asym-
metry can be determined as

�B = 0.348⇥�L(zsph) . (37)

In fig. 4 we show the lines of constant �B for vary-
ing M

B̃
and m, setting Msf = 100 TeV, r = 0.2 and

sin� = 1 for two scenarios. In the first case, shown in
the upper figure, we set ⇤M = 4 ⇥ 107 TeV and in the
second scenario, shown in the lower figure, we fix the
bino decays to happen at Tdec ' 160 GeV. In both cases,
the baryon asymmetry can exceed the observed value in
a significant portion of the parameter space, reaching up
to 10�7, shown as the red lines. For a given value of
M

B̃
, the baryon asymmetry increases with decreasing m

as x = 2m/�
B̃

approaches to 1. This allows for smaller
values of r and �, or more specifically, smaller values of
the combination r sin�, which is the relevant combina-
tion for " (as seen in eq. (21)). For a constant Majorana
mass m and constant ⇤M , heavier binos produce a larger
asymmetry because the lifetime ⌧B ⇠ ⇤2

M
/M3

B̃
is shorter

and the bino decays while its number density is larger.
Smaller sfermion masses result in a smaller asymmetry
due to larger annihilation/pair-production cross-sections,
which keeps the bino in equilibrium longer. This feature

4 The asymmetry parameter ✏ arises from the interference between
decays occurring with and without bino–antibino oscillations, as
in the neutral B-meson system.

FIG. 4. Lines of constant �B for ⇤M = 4⇥ 107 TeV (upper)
and Tdec ' 162 GeV (lower) with Msf = 100 TeV, r = 0.2
and � = ⇡/2. The observed value is ⇠ 8⇥ 10�11.

can be seen in fig. 5 where we plot the baryon asymme-
try for M

B̃
= 2 TeV and Msf = 50, 75, 100 TeV. These

interactions cease to be relevant for Msf & 500 TeV.
At this point, let us situate our work in the realm of

resonant leptogenesis [17–23] and ARS leptogenesis [24–
28]. Arguably, the most notable di↵erence of our model
is the production of heavy neutral leptons, which are bi-
nos in our case. Binos can always be produced copiously
in the early universe through their non-neutrino inter-
actions with the SM. After their production, their out-
of-equilibrium decay is governed by their mixing with
neutrinos, as in other leptogenesis scenarios. Hence, un-
like the freeze-in scenario of ARS leptogenesis, we are al-
ways in the freeze-out regime as in resonant leptogenesis.
An additional e↵ect that arises from considering binos
as right-handed neutrinos is their scattering o↵ the SM
plasma through sfermion exchange. These interactions
delay bino–antibino oscillations, which we use to limit
our parameter space to the regime where binos oscillate
only when non-relativistic. Lastly, in the hybrid inverse
seesaw mechanism, the wino interactions are the main
source of neutrino masses, while the long-lived bino is re-
sponsible for creating the matter–antimatter asymmetry.
As discussed in Section II, this sequestering is assumed
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of Tsph = 130 GeV [4]. Thus, the resulting baryon asym-
metry can be determined as

�B = 0.348⇥�L(zsph) . (37)

In fig. 4 we show the lines of constant �B for vary-
ing M

B̃
and m, setting Msf = 100 TeV, r = 0.2 and

sin� = 1 for two scenarios. In the first case, shown in
the upper figure, we set ⇤M = 4 ⇥ 107 TeV and in the
second scenario, shown in the lower figure, we fix the
bino decays to happen at Tdec ' 160 GeV. In both cases,
the baryon asymmetry can exceed the observed value in
a significant portion of the parameter space, reaching up
to 10�7, shown as the red lines. For a given value of
M

B̃
, the baryon asymmetry increases with decreasing m

as x = 2m/�
B̃

approaches to 1. This allows for smaller
values of r and �, or more specifically, smaller values of
the combination r sin�, which is the relevant combina-
tion for " (as seen in eq. (21)). For a constant Majorana
mass m and constant ⇤M , heavier binos produce a larger
asymmetry because the lifetime ⌧B ⇠ ⇤2

M
/M3

B̃
is shorter

and the bino decays while its number density is larger.
Smaller sfermion masses result in a smaller asymmetry
due to larger annihilation/pair-production cross-sections,
which keeps the bino in equilibrium longer. This feature

4 The asymmetry parameter ✏ arises from the interference between
decays occurring with and without bino–antibino oscillations, as
in the neutral B-meson system.

FIG. 4. Lines of constant �B for ⇤M = 4⇥ 107 TeV (upper)
and Tdec ' 162 GeV (lower) with Msf = 100 TeV, r = 0.2
and � = ⇡/2. The observed value is ⇠ 8⇥ 10�11.

can be seen in fig. 5 where we plot the baryon asymme-
try for M

B̃
= 2 TeV and Msf = 50, 75, 100 TeV. These

interactions cease to be relevant for Msf & 500 TeV.
At this point, let us situate our work in the realm of

resonant leptogenesis [17–23] and ARS leptogenesis [24–
28]. Arguably, the most notable di↵erence of our model
is the production of heavy neutral leptons, which are bi-
nos in our case. Binos can always be produced copiously
in the early universe through their non-neutrino inter-
actions with the SM. After their production, their out-
of-equilibrium decay is governed by their mixing with
neutrinos, as in other leptogenesis scenarios. Hence, un-
like the freeze-in scenario of ARS leptogenesis, we are al-
ways in the freeze-out regime as in resonant leptogenesis.
An additional e↵ect that arises from considering binos
as right-handed neutrinos is their scattering o↵ the SM
plasma through sfermion exchange. These interactions
delay bino–antibino oscillations, which we use to limit
our parameter space to the regime where binos oscillate
only when non-relativistic. Lastly, in the hybrid inverse
seesaw mechanism, the wino interactions are the main
source of neutrino masses, while the long-lived bino is re-
sponsible for creating the matter–antimatter asymmetry.
As discussed in Section II, this sequestering is assumed
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resonant leptogenesis [17–23] and ARS leptogenesis [24–
28]. Arguably, the most notable di↵erence of our model
is the production of heavy neutral leptons, which are bi-
nos in our case. Binos can always be produced copiously
in the early universe through their non-neutrino inter-
actions with the SM. After their production, their out-
of-equilibrium decay is governed by their mixing with
neutrinos, as in other leptogenesis scenarios. Hence, un-
like the freeze-in scenario of ARS leptogenesis, we are al-
ways in the freeze-out regime as in resonant leptogenesis.
An additional e↵ect that arises from considering binos
as right-handed neutrinos is their scattering o↵ the SM
plasma through sfermion exchange. These interactions
delay bino–antibino oscillations, which we use to limit
our parameter space to the regime where binos oscillate
only when non-relativistic. Lastly, in the hybrid inverse
seesaw mechanism, the wino interactions are the main
source of neutrino masses, while the long-lived bino is re-
sponsible for creating the matter–antimatter asymmetry.
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Baryon Asymmetry vs Majorana Mass
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bino is relativistic bino-antibino oscillations are too fast
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Summary of the Results
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To generate the observed BAU, the leptogenesis scenario requires

ΛM ≳ 𝒪(108 TeV) MB̃ ∼ a few TeV m ∼ (10−4 − 10) eV Msf ≳ 50 TeV

Sfermion massesMajorana massBi o Dirac massνMessenger Scale

In the FCC target range!

long-lived bi oν

MATHUSLA   CODEX-bLHC

FutureCurrent

decays could result in displaced vertices

ATLAS, Phys.Rev.Lett. 133 (2024) 16, 161803
ATLAS, JHEP 11 (2024) 036J
CMS, JHEP 05 (2024) 047
CMS, Rept.Prog.Phys. 88 (2025) 3, 037801
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Takeaways
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‣ The neutrino-bino/wino mixing follows a hybrid type I+III ISS pattern and can 
generate non-zero masses for all three neutrinos in its most general form. 

‣ Out-of-equilibrium decay of a long-lived bino in the early universe can explain 
the BAU via leptogenesis.

‣ The smallness of the Majorana gaugino masses can be related to the  
breaking and how it is mediated to the supersymmetric sector.

‣  Uneaten Goldstino and the gravitino could be a DM candidate.

‣ Branching fractions to different lepton families  are determined by the 
observed neutrino mixing structure.

‣ Offers rich LHC phenomenology.               

U(1)R−L

(e, μ, τ)
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Back-up Slides



Unlike the freeze-in scenario of ARS leptogenesis, we are always in 
the freeze-out regime, as in resonant leptogenesis 

Other Leptogenesis Scenarios

Binos can be produced copiously through non-neutrino interactions with the SM

The most notable difference of our leptogenesis model is the production of 
heavy neutral leptons, which are binos in our case

Out-of-equilibrium bino decay is governed by their mixing with neutrinos
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Gravitino/Goldstino DM with low TRH
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For the range of gravitino mass, m3/2 ∼ 𝒪(1 keV − 10 MeV)
A. Monteux and C. S. Shin,Phys. Rev. D92, 035002 (2015)

m3/2, TRH ≪ m̃ ∼ 𝒪(TeV) ≲ TMAX
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If the reheating temperature is 

sufficiently high, , 

gravitino/goldstino will 

overpopulate the universe!

TRH ∼ 𝒪(TeV)



Supersoft SUSY Breaking
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SUSY breaking is communicated to the visible sector at a messenger scale . 


Dirac gaugino masses are generated via D-term spurions.


ΛM

∫ d2θ 2cB̃
W′￼α

ΛM
WαWB̃ΦS ⇒

2cB̃D
ΛM

B̃S ≡ MB̃B̃S

∫ d2θ 2cW̃
W′￼α

ΛM
WαWW̃ΦT ⇒

2cW̃D
ΛM

W̃T ≡ MW̃W̃T

P. J. Fox,  A. E. Nelson and N.  Weiner, JHEP 08 (2002) 035 

 SUSY–breaking 
vev of a D–term spurion field

D = ⟨W′￼α ⟩ :

SUSY is broken in a hidden sector
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Electroweak sector
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𝕄N ≃

MB̃ 0 gYv/2 0

0 MW̃ −g2v/ 2 0
λu

B̃v/2 −λu
W̃v/2 μu 0

0 0 0 μd

𝕄C ≃
MW̃ −g2v/ 2 0
0 μu 0
0 0 μd

We further assume  such that bino, wino and Higgsinos do not mixλu
B̃,W̃ = 0

In the basis (B̃, W̃0, R̃0
u, R̃0

d) × (S, T0, h̃0
u, h̃0

d) In the basis (W̃+, R̃+
u , R̃+

d ) × (Φ−
T , h̃−

u , h̃−
d )

After EWSB,  and  participate in both neutralino and chargino mixing due 
to the presence of  symmetry. 

S T
U(1)R

The relevant part of the superpotential:





In the large vu /vd  limit, (vd ), the mixing matrices in neutral and charged sectors:

𝒲 = μuHuRu + μdHdRd + ΦS (λu
B̃HuRu + λd

B̃HdRd) + ΦT (λu
W̃HuRu + λd

W̃HdRd)
tan β ≡ → 0

G.D. Kribs, A. Martin and T.S. Roy, JHEP 01 (2009) 023 
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Experimental Bounds
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Br(μ → eγ)
now

< 4.2 × 10−13

Br(μ → eγ)
future

≲ 10−14

Rμe
now

< 7 × 10−13

Rμe
future

< 6.2 × 10−16

MEG II Collaboration, PoS NuFact2021 (2022) 120

MEG Collaboration, Eur. Phys. J. C 76 (2016) 8, 434

Mu2e Collaboration. Universe 2023, 9, 54

SINDRUM II Collaboration, Eur. Phys. J. C 47 (2006) 337

strongest constraint

Br(μ → eee) < 1.0 × 10−12

SINDRUM collaboration, Nucl. Phys. B 299 (1988) 1 

 conversion in nucleiμ − e μ → e e e

(a) (b) (c)

µ− e−

Z∗

e+

e−

N

µ−
e−

N

Z

µ−
e−

γ

W− W−

B̃†/W̃ †

μ → e γ
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Combined Constraints

22

A. Abada et.al., Phys. Rev. D 78 (2008) 033007 
A. Abada, et.al., JHEP 12 (2007) 061 

4 Phenomenology of Seesaw models

4.1 Fermionic singlets

The models where the heavy fields are SM singlets are most difficult to test, as they
lead to fewer and rarer experimental signals at low energies, even for low Seesaw scales.
There exist, though, bounds on combinations of the Yukawa couplings which can be
saturated for the type-I inverse Seesaw and similar extensions, as well as for models
with extra dimensions containing Kaluza-Klein replicas which are SM singlets [21].

The bounds stem from important indirect signals which may be induced from the
fact that the leptonic mass matrix appearing in the charged current is no longer unitary,
see Section 2.1. This subject, as well as the determination of the corresponding bounds
on |NN †|αβ, has been studied at length recently [10]. In a nutshell, deviations from
the values expected in a unitary analysis are constrained to be of order 1% or smaller.
Indeed, a global fit to the constraints resulting from W decays, Z decays, universality
tests and rare lepton decays proved [10] that the NN † elements agree with those
expected in the unitary case, within a precision better than a few percent, at the 90%
CL:

|NN †| ≈




0.994± 0.005 < 7.0 · 10−5 < 1.6 · 10−2

< 7.0 · 10−5 0.995± 0.005 < 1.0 · 10−2

< 1.6 · 10−2 < 1.0 · 10−2 0.995± 0.005



 . (81)

The off-diagonal constraints in Eq. (81) result from the experimental bounds existing
on the radiative processes µ→ eγ, τ → eγ and τ → µγ, while the diagonal ones come
from the combined analysis of all other processes mentioned above. Using now the
relation obtained in Eq. (22) between the elements of the coefficient matrix cd=6 and
those of NN †, it follows that

v2

2
|cd=6|αβ =

v2

2
|Y †

N

1

|MN |2
YN |αβ !




10−2 7.0 · 10−5 1.6 · 10−2

7.0 · 10−5 10−2 1.0 · 10−2

1.6 · 10−2 1.0 · 10−2 10−2



 . (82)

When obtaining the numerical bounds in Eqs. (81) and (82), the effective theory was
used to compute µ → eγ and τ → µγ, that is, the analysis was done in terms of cd=5

and cd=6. It is to be noticed that the computation of such one-loop transitions in the
effective theory does not coincide exactly with that done in the full theory (i.e. type I
Seesaw model), as higher dimension effective operators have to be taken into account in
the matching between both. Numerically, the differences are of O(1) and irrelevant for
the precision attempted here, though. Furthermore, when computing these l1 → l2γ
transitions - here and in the chapters to follow - we will not take into account the
electromagnetic radiative corrections [22], as their inclusion would correspond to a
two-loop calculation and numerically they will not change the order of magnitude of
the bounds obtained.
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transitions, respectively. U0νν is the unitary matrix which diagonalizes the neutral
lepton mass matrix for the fields (νL,Σ0c), see Appendix B for details. Using these
results, and Eq. (66) the branching ratio for the l1 → l2γ transition is given by (at
order 1/M2

Σ):

BR (l1 → l2γ) =
3

32

α

π

∣∣∣C εΣ21 +
∑

i xνi (U0νν )2i

(
(U0νν )

†
)

i1

∣∣∣
2

(NN †)11(NN †)22
(122)

The experimental bounds on these processes result in constraints given in Table 8.
These are comparable to those stemming from tree-level purely leptonic decays.

4.3.7 Combination of all constraints

From all constraints obtained above we have performed a global fit, and the following
bounds on the NN † elements have been derived, at the 90% CL:

|NN †| ≈




1.001± 0.002 < 1.1 · 10−6 < 1.2 · 10−3

< 1.1 · 10−6 1.002± 0.002 < 1.2 · 10−3

< 1.2 · 10−3 < 1.2 · 10−3 1.002± 0.002



 . (123)

Using now the relation obtained in Eq. (67) between the elements of the coefficient
matrix cd=6 and those of NN †, it follows that

v2

2
|cd=6|αβ =

v2

2
|Y †

Σ

1

M †
Σ

1

MΣ
YΣ|αβ !




3 · 10−3 < 1.1 · 10−6 < 1.2 · 10−3

< 1.1 · 10−6 4 · 10−3 < 1.2 · 10−3

< 1.2 · 10−3 < 1.2 · 10−3 4 · 10−3



 .(124)

Notice that these bounds are stronger than those obtained in the case of the fermionic
singlet Seesaw theory, Eq. (82). This is due to the fact that now flavour changing
processes with charged fermions are allowed already at tree level.

4.3.8 Signals at colliders from fermionic triplets

As for direct production and detection, alike to the case of the generic type-II Seesaw
model, the non-zero electroweak charge of the triplet results in gauge production from
photon and Z couplings. Only particles with electric charge ±1 exist in this case,
though, and the experimental signals are less clean. Anyway, if light enough, triplet
fermions can be produced in forthcoming colliders through Drell-Yan production. In
Ref. [6, 8], the following channels have been analyzed:

• Σ decays into gauge bosons plus light leptons: Σ− → Zl−, Σ− → W−ν, Σ0 → Zν,
Σ0 → W±l∓;

• Σ decays into Higgs plus light leptons: Σ− → φ0l−, Σ0 → φ0ν.
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Type-I

Type-III

α, β = e, μ, τ

Stronger than type-I 
due to tree level FCNC 

(ϵd=6)eμ
=

v2

Λ2
M

ue
B̃uμ

B̃
+ ue

W̃uμ
W̃

By far the strongest constraints are on the  elemente − μ

MEG II Collaboration, PoS NuFact2021 (2022) 120

MEG Collaboration, Eur. Phys. J. C 76 (2016) 8, 434

Mu2e Collaboration. Universe 2023, 9, 54

SINDRUM II Collaboration, Eur. Phys. J. C 47 (2006) 337

SINDRUM collaboration, Nucl. Phys. B 299 (1988) 1 
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γ

B̃

G̃

Bino Decays

23

Z

B̃

ν

B̃

h

ν

W−

B̃

!+

Γ (B̃ → G̃γ) ∼
M5

B̃

M2
Plm2

3/2
∼ 10−12 eV

Suppressed by the Planck mass

MB̃ ∼ 500 GeVm3/2 ∼ 10 MeV ΛM ∼ 500 TeV

ΓB̃, tot = ∑
i

Y2
i MB̃ ∼

MB̃

Λ2
M

∼ 0.5 MeVTotal decay width decays promptly at the LHC

B̃ → Z ν̄ B̃ → h ν̄ B̃ → W−ℓ+

B̃ → G̃ γIf kinematically allowed
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Z

W̃

B̃

W̃

h

B̃

W−

W̃

!+

Z

W̃

ν

W̃

h

ν

Wino Decays
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W̃ → Z ν̄ W̃ → h ν̄ W̃ → W−ℓ+

W̃ → Z B̃ W̃ → h B̃

These channels are suppressed by the mixing angle: θ2 ∼ ( yW̃v
MW̃ ) ∼

v2

Λ2
M

∼ 10−7

If kinematically allowed
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W±

χ̃1
±

B̃

W±

χ̃1
±

ν

Z

χ̃1
±

"±

χ̃1
±

h

"±

Chargino Decays
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χ̃±
1 → Z ℓ± χ̃±

1 → h ℓ± χ̃±
1 → W± ν

χ̃±
1 → W± B̃

These channels are suppressed by the mixing angle: θ2 ∼ ( yW̃v
MW̃ ) ∼

v2

Λ2
M

∼ 10−7

If kinematically allowed
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