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Outline of the talk
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1)Review of Baryogenesis from WIMPs (WIMP-
like): 
- General mechanism
- Realizations in RPV SUSY

2)Common DM and Baryon generation from SuperWIMP 
mechanism.

-Realizations in SUSY with gravitino DM

martedì 10 dicembre 2013



ψ = (A.43)

ψ < χ (A.44)

φ < χ (A.45)

Ω∆B

ΩDM

=
mp

mχ
�CPBR

�
χ → /B

� Ωτ→∞
χ

ΩDM

(A.46)

χ = B̃ (A.47)

φ = d̃ (A.48)

ψ = g̃ (A.49)

DM = G̃ (A.50)

λ
��
U cDcDc (A.51)

�CP =
Im

�
eiφ

�
λ2C2NRPV

20π

m2

B̃

m2

0

BR
�
B̃ → /B

�
(A.52)

mg̃ < mB̃ � md̃ = m0 (A.53)

TRH < m0 (A.54)

Γi ∝ m5

i (A.55)

Σf = (A.56)

fL,R = (A.57)

S = (A.58)

η ≡
nB − nB

nγ
≈ 6× 10−10 (A.59)

– 22 –

Originated from

Generation mechanism of DM and baryogenesis mechanism unknown at the moment. 
Both require extension of the SM.
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Baryogenesis and Dark Matter
One of the most interesting puzzles of cosmology is the similarity 
between the DM and baryon abundances.

A common origin is an intriguing prospective but is a difficult task.

In particular the generation of the baryon density must satisfy strong 
requirements:

Sakharov conditions:

Violation of Baryon number

Presence of CP asymmetry

Departure from 
thermal equilibrium.

Dark matter does not require the violation of a quantum number 
and can be produced in equilibrium.
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Common generation mechanisms
The most intuitive option is an asymmetric generation for 
both baryons and DM. 

Simplest realization:
The ratio between the densities is related to the DM and proton mass.

Scenario challenged by DM phenomenology.
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More complex realizations:
Asymmetry generated in one sector (DM or baryonic) and then 
transferred to the other

Examples:
Darkogenesis (1008.1997)
Hylogenesis  (1008.2399)
Xogenesis (1009.0227)
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Another possibility is to relate both generations to the 
WIMP paradigm:

Efficient production.
Infrared dependence of the mechanism.

Non trivial to accomplish in concrete realizations.

Production from decay of a WIMP-like particle
(Cui and Sundrum 2012, Cui 2013, Sorbello 2013) 
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WIMPy production: production of baryon asymmetry from DM 
annihilations
(Randall et al 2011, Bernal et al 2012)
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where ρ0 = 3H2
0

8πG , H0 and s0 are the current energy den-
sity, Hubble rate and entropy, respectively. The second
line in eq.(3) manifests the dependence on model pa-
rameters in the generic case of heavier mediator with
mmed ! mχ. Now consider two species of WIMPs:
χDM which is stable DM, and χB which decays at time
τ , after freezeout. The observation that eq.(3) readily
fits the measured dark matter abundance ΩχDM

! 23%
is the well-known “WIMP miracle”. In case of χB,
YχB (Tf) ≡ Y ini

χB
, acts as the initial condition for later

baryogenesis, as we now discuss.
Stage-2: Baryogenesis

Consider the baryogenesis “parent” χB to have !!CP, "B
decay after its freezeout but before BBN, i.e. 1 MeV ∼
TBBN < TD < Tf , so that we can treat freezeout and
baryogenesis as nearly decoupled processes, and retain
the conventional success of BBN. Solving the Boltzmann
equations[10] we get the asymmetric baryon density per
co-moving volume today YB(T0 ≈ 0):

YB(0) = εCP

∫ TD

0

dYχB

dT
exp

(

−
∫ T

0

ΓW(T ′)

H(T ′)

dT ′

T ′

)

dT

+ Y ini
B exp

(

−
∫ Tini

0

ΓW(T )

H(T )

dT

T

)

, (4)

where we assume χB decay violates B by 1 unit. εCP

is CP asymmetry in χB decay, ΓW is the rate of ""B
washout processes. Y ini

B represents possible pre-existing
B-asymmetry, which we first assume to be 0. In case of
weak washout, i.e., ΓW < H , the exponential factor in
eq.(4) can be dropped. Then using eqs.(3,4) we obtain:

YB(0) ! εCPYχB (Tf), ΩB(0) = εCP
mp

mχB

Ωτ→∞
χB

, (5)

where Ωτ→∞
χB

is the would-be relic abundance of WIMP
χB in the limit it is stable, given by eq.(3). ΩB given in
eq.(5) is insensitive to the precise lifetime of χB as long
as it survives thermal freezeout. The observed ΩB ! 4%
today corresponds to YB(0) ≡ nB

s ! 10−10. ΩB(0) in
eq.(5) takes the form of WIMP miracle, but with an ex-
tra factor εCP

mp

mχB
∼ 104 − 10−3 for weak scale χB and

O(1) couplings and phases. Nonetheless as can be seen
from eq.(3), the observed ΩB

ΩDM
≈ 1

5 can readily arise from
O(1) difference in masses and couplings associated with
the two WIMP species χDM and χB. This is our central
result.
Note that as long as χ decays well before BBN, the

produced baryons get thermalized efficiently, because
ΓpX→pX ∼ T & H at TBBN ' T " TEW, where
X can be e±, p, p̄ in the thermal bath. Thus as in
conventional baryogenesis, the symmetric component of
baryons is rapidly depleted by thermal annihilation. Di-
lution/reheating from χB decay is negligible because at
TD the energy density of χB is much less than radiation
density. To see this, recall that today T0 ≈ 10−4eV,

ΩB(T0)
Ωrad(T0)

≈ 103. Red-shifting back to TD and using eq.(5)

we get
ΩχB (TD)
Ωrad(TD) ≈ ΩB(T0)

Ωrad(T0)
mχB
εCPmp

T0

TD
' 1 for TD > TBBN

and sizeable εCP.

MINIMAL MODEL AND CONSTRAINTS

We add to the Standard Model (SM) Lagrangian:

∆L = λijφdidj + εiχūiφ+M2
χχ

2 + yiψūiφ+M2
ψψ

2

+ αχ2S + β|H |2S +M2
SS

2 + h.c. (6)

where H is the SM Higgs, d, u are RH SM quarks, with
family indices j = 1, 2, 3, φ is a di-quark scalar with same
SM gauge charge as u. χ,ψ are SM singlet Majorana
fermions, and S is a singlet scalar. χ ≡ χB is the earlier
WIMP parent for baryogenesis. εi ' 1 are our formal
small parameters leading to long-lived χ. They can rep-
resent a naturally small breaking of a χ-parity symmetry
under which only χ is odd. S mediates thermal annihila-
tion of χχ into SM states. The first 3 terms of eq.(6) give
rise to collective breaking of U(1)B. Out-of-equilibrium
decay χ → φ∗u is followed by the prompt decay φ → dd
with ∆B = 1, εCP )= 0. CP asymmetry εCP in χ decay
comes from the ψ-mediated interference between tree-
level and loop diagrams as shown in Fig.(1). In the case
of Mψ > Mχ, in close analogy to leptogenesis[11], we
obtain:

εCP !
1

8π

1
∑

i |εi|2
Im







(

∑

i

εiy
∗
i

)2






Mχ

Mψ
, (7)

which is non-zero for generic complex couplings. We
also see that the key to a large εCP is to have yi ∼ O(1)
for at least one flavor i. Note the analogous εCP from ψ
decay is O(ε2), with ε ↔ y,Mχ ↔ Mψ in eq.(7).
It is straightforward to incorporate WIMP DM by

introducing another singlet χDM with analogous interac-
tions to χ, except with εDM = 0 enforced by an exact
χDM-parity. We will not write out the χDM physics
explicitly. We next consider various constraints on this
minimal model. We start with a generic flavor structure,
and drop family indices in y, ε for now.
Lifetime of χ:

The decay rate of χ at T < mχ is ΓD ! ε2mχ

8π . With
Tf ∼ 100 GeV, our requirement of χ decay within
range TBBN < TD < Tf leads to the constraint:
10−13 " ε " 10−8.

We next consider potential washout effects. We
will focus on considering processes involving ψ; there
are analogous diagrams with ψ → χ, but they
give much looser constraints since ε ' y ∼ O(1).
Early time washout: at T > ΛQCD

As we will see, in this epoch ΓW /H decreases with T .

Baryogenesis from WIMPs
arXiv:1212.2937
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Wimp-like Mother particle
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Scalar quark-like state
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Maiorana fermion
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or

We need
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Mediator of  Wimp annihilations

B-violating interaction

The coupling must be small 
in order to make the 
mother particle enough 
long-lived

Basic idea

martedì 10 dicembre 2013



Giorgio Arcadi                                                                                                                                     Invisibles journal club 10-12-2013  

The DM Yield is straightforwardly obtained by integrating the two terms on the right-hand
side with respect to the temperature. We have already computed the integral of the decay
term. For what regards the scattering term we have instead:

� Tmax

Tmin

A(T )

Hs
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�
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λ2

T 2
F (ω)dT = C̃

λ2

mΣ
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0
F (ω)dω (A.29)

where C̃ is a constant defined as:
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gρ
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FIG. 1. Loop diagrams that interfere with tree-level decay to
generate εCP

Thus for each early washout process X , we define TX
W

such that ΓX
W ! H for T < TX

W . We require TD < TX
W

to have weak washout effect.
A. Inverse decay udd → ψ via an onshell φ∗:

ΓID,ψ
W "

neq
ψ

T 3
ΓD,ψ "

neq
ψ

T 3

y2mψ

8π
. (8)

This gives the constraint:

TD < T ID,ψ
W " mψ

[

ln

(

0.076

g1/2∗

y2Mpl

8πmψ

)]−1

. (9)

B. ∆B = 1, 2 → 2 scattering ψu → d̄d̄ via φ-exchange:

Γ∆B=1
W "

y2λ2

16πm2
ψ

neq
ψ , for mψ > mφ, (10)

TD < T∆B=1
W " mψ

[

ln

(

0.076

g1/2∗

λ2y2Mpl

16πmψ

)]−1

. (11)

C. ∆B = 2 3 → 3 scattering udd → ūd̄d̄ via on-shell φ
and ψ-exchange. This is effectively 2 → 2 (φ∗u → φū),
and similarly to case B:

TD < T∆B=2,2→2
W " mφ

[

ln

(

0.076

g1/2∗

y4Mpl

16πmψ

)]−1

.(12)

D. ∆B = 2 3 → 3, 2 → 4, 4 → 2 scattering: udd →
ūd̄d̄ via ψ-exchange and offshell φ, or ud → ūd̄d̄d̄.
Taking 3 → 3 for example:

Γ3→3
W ∼

λ4y4

16π(2π)3
T 10

m8
φm

2
ψ

T, (13)

TD < T 3→3
W "

(

1.66g
1
2
∗ 128π4m

y4λ4Mpl

)

1
9

m ∼
m

20(yλ)
4
9

,(14)

where we simplified the expression by taking all masses
∼ m.
We compare the constraints on TD given in eqs. (9,

11, 12, 14) with Tf given in eq.(1) where for this model

p-wave annihilation 〈σAv〉 ∼
m2

χ

16πm4
S
v2 for mχ < mS and

O(1) couplings, v2 ∼ Tf

mχ
. With non-hierarchical weak

scale masses of χ,ψ,φ, S and O(1) couplings, we find for
all washout processes considered, TW ∼ Tf . Therefore
with TD < Tf , early washout is not a concern. Notice
that potential washout from EW sphaleron is also easily
avoided since sphaleron shuts off at ∼ 100 GeV " Tf >
TD for mχ up to O(1)TeV.
After the QCD phase transition, the neutron and pro-

ton become new effective degrees of freedom to consider.
n − n̄ oscillation is the typical washout process in this
era. The general formula for the transition probability is
[12]:

Pn→n̄(t) =
4δm2

∆E2 + 4δm2
sin2(

√
∆E2 + 4δm2

2
· t)(15)

where δm is the!B Majorana mass. The splitting ∆E ≡
En−En̄ is 0 in vacuum or in medium where n, n̄ are sym-
metric, e.g. thermal bath shortly after QCD transition
when baryons are dominated by the symmetric compo-
nent. ∆E ) δm may occur in an asymmetric medium,
e.g. the thermal bath close to BBN time or the nucleus
environment after BBN, which strongly suppresses Pn→n̄.
In a medium where there is a characteristic time scale τ ,
the washout rate can be estimated as

Γn→n̄
W " Pn→n̄(τ)/τ. (16)

Intermediate-time washout: T ! ΛQCD

In this epoch n scatters off the thermal background and
τ is set by the mean free path of n, bound by H−1 from
above. In reality both ∆E and τ are varying functions in
this period. To simplify we consider the most “danger-
ous” limit where ∆E → 0 and τ → H−1 which max-
imizes washout according to eqs.(15,16), Γn→n̄,intm

W "
(δm)2H−1. Requiring Γn→n̄,intm

W < H at T ! ΛQCD,
we find δm ! 10−25GeV.
Late-time Washout: T < TBBN

After BBN, n is bound in the nucleus. Now the char-
acteristic time τ is set by nuclear time scale which is
τnuc ∼ (1GeV)−1. In nucleus ∆E ∼ 100 MeV[12]. Thus

in this era eq.(15) becomes approximately: Pn→n̄ ≈ δm2

∆E2 .

Thus the washout rate is Γn→n̄,late
W ∼ δm2

(∆E)2 /τnuc. Re-

quiring Γn→n̄,late
W < H0, we find δm ! 10−22GeV.

Current day precision tests:
n− n̄ oscillation reactor experiments today set a bound
δm ≤ 6 × 10−33GeV ≈ (108sec)−1[12], which is stronger
than the washout constraints above. Now we consider
constraints from δm on model parameters λij . In this
minimal model, λij for φdidj have to be anti-symmetric
in i, j. Consequently uddudd operator giving rise to δm is
highly suppressed, and λij are not effectively constrained
by n− n̄ oscillation[13]. More relevant constraint comes
from pp → K+K+ decay via higher dimensional !!B op-
erator, which gives bound λ12 ! 10−7 for mφ,mψ ∼ 1
TeV[13]. As we will show later, when embedding this
model in natural SUSY where additional fields such as

2

where ρ0 = 3H2
0

8πG , H0 and s0 are the current energy den-
sity, Hubble rate and entropy, respectively. The second
line in eq.(3) manifests the dependence on model pa-
rameters in the generic case of heavier mediator with
mmed ! mχ. Now consider two species of WIMPs:
χDM which is stable DM, and χB which decays at time
τ , after freezeout. The observation that eq.(3) readily
fits the measured dark matter abundance ΩχDM

! 23%
is the well-known “WIMP miracle”. In case of χB,
YχB (Tf) ≡ Y ini

χB
, acts as the initial condition for later

baryogenesis, as we now discuss.
Stage-2: Baryogenesis

Consider the baryogenesis “parent” χB to have !!CP, "B
decay after its freezeout but before BBN, i.e. 1 MeV ∼
TBBN < TD < Tf , so that we can treat freezeout and
baryogenesis as nearly decoupled processes, and retain
the conventional success of BBN. Solving the Boltzmann
equations[10] we get the asymmetric baryon density per
co-moving volume today YB(T0 ≈ 0):

YB(0) = εCP

∫ TD

0

dYχB

dT
exp

(

−
∫ T

0

ΓW(T ′)

H(T ′)

dT ′

T ′

)

dT

+ Y ini
B exp

(

−
∫ Tini

0

ΓW(T )

H(T )

dT

T

)

, (4)

where we assume χB decay violates B by 1 unit. εCP

is CP asymmetry in χB decay, ΓW is the rate of ""B
washout processes. Y ini

B represents possible pre-existing
B-asymmetry, which we first assume to be 0. In case of
weak washout, i.e., ΓW < H , the exponential factor in
eq.(4) can be dropped. Then using eqs.(3,4) we obtain:

YB(0) ! εCPYχB (Tf), ΩB(0) = εCP
mp

mχB

Ωτ→∞
χB

, (5)

where Ωτ→∞
χB

is the would-be relic abundance of WIMP
χB in the limit it is stable, given by eq.(3). ΩB given in
eq.(5) is insensitive to the precise lifetime of χB as long
as it survives thermal freezeout. The observed ΩB ! 4%
today corresponds to YB(0) ≡ nB

s ! 10−10. ΩB(0) in
eq.(5) takes the form of WIMP miracle, but with an ex-
tra factor εCP

mp

mχB
∼ 104 − 10−3 for weak scale χB and

O(1) couplings and phases. Nonetheless as can be seen
from eq.(3), the observed ΩB

ΩDM
≈ 1

5 can readily arise from
O(1) difference in masses and couplings associated with
the two WIMP species χDM and χB. This is our central
result.
Note that as long as χ decays well before BBN, the

produced baryons get thermalized efficiently, because
ΓpX→pX ∼ T & H at TBBN ' T " TEW, where
X can be e±, p, p̄ in the thermal bath. Thus as in
conventional baryogenesis, the symmetric component of
baryons is rapidly depleted by thermal annihilation. Di-
lution/reheating from χB decay is negligible because at
TD the energy density of χB is much less than radiation
density. To see this, recall that today T0 ≈ 10−4eV,

ΩB(T0)
Ωrad(T0)

≈ 103. Red-shifting back to TD and using eq.(5)

we get
ΩχB (TD)
Ωrad(TD) ≈ ΩB(T0)

Ωrad(T0)
mχB
εCPmp

T0

TD
' 1 for TD > TBBN

and sizeable εCP.

MINIMAL MODEL AND CONSTRAINTS

We add to the Standard Model (SM) Lagrangian:

∆L = λijφdidj + εiχūiφ+M2
χχ

2 + yiψūiφ+M2
ψψ

2

+ αχ2S + β|H |2S +M2
SS

2 + h.c. (6)

where H is the SM Higgs, d, u are RH SM quarks, with
family indices j = 1, 2, 3, φ is a di-quark scalar with same
SM gauge charge as u. χ,ψ are SM singlet Majorana
fermions, and S is a singlet scalar. χ ≡ χB is the earlier
WIMP parent for baryogenesis. εi ' 1 are our formal
small parameters leading to long-lived χ. They can rep-
resent a naturally small breaking of a χ-parity symmetry
under which only χ is odd. S mediates thermal annihila-
tion of χχ into SM states. The first 3 terms of eq.(6) give
rise to collective breaking of U(1)B. Out-of-equilibrium
decay χ → φ∗u is followed by the prompt decay φ → dd
with ∆B = 1, εCP )= 0. CP asymmetry εCP in χ decay
comes from the ψ-mediated interference between tree-
level and loop diagrams as shown in Fig.(1). In the case
of Mψ > Mχ, in close analogy to leptogenesis[11], we
obtain:

εCP !
1

8π

1
∑

i |εi|2
Im







(

∑

i

εiy
∗
i

)2






Mχ

Mψ
, (7)

which is non-zero for generic complex couplings. We
also see that the key to a large εCP is to have yi ∼ O(1)
for at least one flavor i. Note the analogous εCP from ψ
decay is O(ε2), with ε ↔ y,Mχ ↔ Mψ in eq.(7).
It is straightforward to incorporate WIMP DM by

introducing another singlet χDM with analogous interac-
tions to χ, except with εDM = 0 enforced by an exact
χDM-parity. We will not write out the χDM physics
explicitly. We next consider various constraints on this
minimal model. We start with a generic flavor structure,
and drop family indices in y, ε for now.
Lifetime of χ:

The decay rate of χ at T < mχ is ΓD ! ε2mχ

8π . With
Tf ∼ 100 GeV, our requirement of χ decay within
range TBBN < TD < Tf leads to the constraint:
10−13 " ε " 10−8.

We next consider potential washout effects. We
will focus on considering processes involving ψ; there
are analogous diagrams with ψ → χ, but they
give much looser constraints since ε ' y ∼ O(1).
Early time washout: at T > ΛQCD

As we will see, in this epoch ΓW /H decreases with T .

Wash-out processes are not effective if 
the mother particle decays at 
sensitively lower temperatures with 
respect to its mass

Ω∆B

ΩDM
∼ 1

5
(A.60)

λ � O(0.1) (A.61)

yi ∼ O(1) (A.62)

10−11 ≤ �i ≤ 10−8 (A.63)
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DM is implemented by an additional state as well occuring 
conventional freeze-out

ψ = (A.43)

ψ < χ (A.44)

φ < χ (A.45)

Ω∆B

ΩDM
=

mp

mχ
�CPBR

�
χ → /B

� Ωτ→∞
χ

ΩDM
(A.46)
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Related by O(1) variations of the parameters of the theory

Not trivial to achieve in concrete 
realizations
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Concrete application:RPV SUSY
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τ̃L τ̃∗R
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Figure 6.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ . When
H0

u and H0
d get VEVs, these contribute to (a) t̃L, t̃R mixing, (b) b̃L, b̃R mixing, and (c) τ̃L, τ̃R mixing.

namely the supersymmetry-respecting mass µ and the supersymmetry-breaking soft mass terms. Yet
the observed value for the electroweak breaking scale suggests that without miraculous cancellations,
both of these apparently unrelated mass scales should be within an order of magnitude or so of 100
GeV. This puzzle is called “the µ problem”. Several different solutions to the µ problem have been
proposed, involving extensions of the MSSM of varying intricacy. They all work in roughly the same
way; the µ term is required or assumed to be absent at tree-level before symmetry breaking, and then
it arises from the VEV(s) of some new field(s). These VEVs are in turn determined by minimizing a
potential that depends on soft supersymmetry-breaking terms. In this way, the value of the effective
parameter µ is no longer conceptually distinct from the mechanism of supersymmetry breaking; if we
can explain why msoft ! MP, we will also be able to understand why µ is of the same order. In sections
11.2 and 11.3 we will study three such mechanisms: the Next-to-Minimal Supersymmetric Standard
Model, the Kim-Nilles mechanism [64], and the Giudice-Masiero mechanism [65]. Another solution
appropriate for GMSB models and based on loop effects was proposed in ref. [66]. From the point of
view of the MSSM, however, we can just treat µ as an independent parameter, without committing to
a specific mechanism.

The µ-term and the Yukawa couplings in the superpotential eq. (6.1.1) combine to yield (scalar)3

couplings [see the second and third terms on the right-hand side of eq. (3.2.18)] of the form

Lsupersymmetric (scalar)3 = µ∗(ũyuũH
0∗
d + d̃ydd̃H

0∗
u + ẽyeẽH

0∗
u

+ũyud̃H
−∗
d + d̃ydũH

+∗
u + ẽyeν̃H

+∗
u ) + c.c. (6.1.6)

Figure 6.4 shows some of these couplings, proportional to µ∗yt, µ∗yb, and µ∗yτ respectively. These play
an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we
will see in section 8.4.

6.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (6.1.1) is minimal in the sense that it is sufficient to produce a phenomenolog-
ically viable model. However, there are other terms that one can write that are gauge-invariant and
holomorphic in the chiral superfields, but are not included in the MSSM because they violate either
baryon number (B) or total lepton number (L). The most general gauge-invariant and renormalizable
superpotential would include not only eq. (6.1.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (6.2.1)

W∆B=1 =
1

2
λ′′ijkuidjdk (6.2.2)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
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In absence of R-parity we have the following additional Superpotential 

L-violation

B-violation

Figure 6.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+





}
π0

u

u∗

e+

λ′′∗
112 λ′

112

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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Very strong limits from proton decay if 
both the B- and L-violating couplings 
present
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Baryogenesis in RPV SUSY

B-violation provided by RPV superpotential (RPV soft-terms)

- Direct Baryogenesis through B-violating couplings
- Leptogenesis through L-violating couplings

CP-violation in soft-potential terms or in RPV superpotential 
couplings themselves

Baryon production through out-of-equilibrium decay of a 
superpartner
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Concrete realizations
First scenario: implementation in the MSSM arXiv:1309.2952 

ψ = (A.43)

ψ < χ (A.44)

φ < χ (A.45)

Ω∆B

ΩDM
=

mp

mχ
�CPBR

�
χ → /B

� Ωτ→∞
χ

ΩDM
(A.46)

χ = B̃ (A.47)

φ = d̃ (A.48)

ψ = g̃ (A.49)

DM = G̃ (A.50)
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Bino features only three body decays

The particle producing the baryon asymmetry is the Bino which features a strongly enhanched
abundance thanks to the mini-Split SUSY setup. The baryon-asymmetry is created through the
interference between the tree-level processes and a loop diagram in which run another gaugino a
squark and a quark. The creation of a non-zero CP asymmetry requires that this second gaugino
is lighter than the Bino [8]. We will focus on the case in which this second gaugino is the gluino.
In this case the we have a direct generation of the baryon asymmetry ( in the case of Wino NLSP
a lepton asymmetry is created and then converted by the sphaleron processes). The only RPV
operator which we need to switch on is λ

��
U cDcDc. In order to simplify the notation we will just

label the coupling with λ and neglect flavor indices.
In presence of a gravitino LSP, the metastable Bino features three main decay channels with

the following rates:

Γ
�
B̃ → udd+ udd

�
=

λ2g21NRPV

768π3

m5
B̃

m4
0

(1)

Γ
�
B̃ → g̃ff

�
=

(g1g3Qf )
2NRPC

256π3

m5
B̃

m4
0

(2)

Γ
�
B̃ → G̃+X

�
=

1

48π

m5
B̃

m2
3/2M

2
Pl

(3)

where NRPC and NRPV take into account the multiplicity of the decay channels while MPl is the
reduced Planck mass MPl = 2.43 × 1018GeV. In the last rate X indicates the sum over all the
possible final states which accompany the gravitino.

The first two decays are the ones already present in [2] and relevant for the generation of
the baryon asymmetry. The additional decay channel into gravitino does not alter the original
picture since its branching ratio:

Br
�
B̃ → G̃+X

�
≈ 5.7× 10−10

�
1 +

NRPVλ2

πNRPCαs

�−1� m3/2

1GeV

�−2� m0

106GeV

�4
(4)

is very suppressed. Nonetheless the out-of-equilibrium decays of the Bino can produce the correct
amount of dark matter in view of the extremely high value of Ωτ→∞

B̃
. The amount of dark matter

obtained in this way is given by:

Ω3/2 =
m3/2

mB̃

Br
�
B̃ → G̃+X

�
Ωτ→∞

B̃
(5)

Remarkably the baryon density, in the setup considered, is given by a very similar expression:

Ω∆B = ξ
mp

mB̃

�CPΩ
τ→∞
B̃

(6)

with

�CP =
Im

�
eiφ

�
λ2C2

5π

�
1 +

λ2NRPV

πNRPCαs

�−1m2
B̃

m2
0

(7)

where φ is the total CP phase associated to the generation of the asymmetry. In the following we
will assume Im[eiφ] = 1 and drop it from the expressions below. The ratio between the Baryon
and DM densities is then independent from the density of the Bino but depends only on �CP

(and then on the branching ratio of the RPV decay) and on the branching ration of decay into
gravitino:

Ω∆B

ΩDM
= ξ

mp

m3/2

�CP

Br
�
B̃ → G̃+X

� (8)
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2

Lifetime of the Bino enhanced by the high mass scale of the scalars even for O(1) 
RPV couplings. 
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Figure 2: Tree-level decays of B̃ in the direct baryogenesis model. (a): ��B decay that triggers baryogenesis;
(b): B-conserving decay.
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Figure 3: ��B loop diagrams in the direct baryogenesis model. (a): does not lead to a CP asymmetry in ��B
B̃ decay. (b): contributes to CP asymmetry when the flavor and CP violation in squark mass matrices are
sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.
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Figure 3: ��B loop diagrams in the direct baryogenesis model. (a): does not lead to a CP asymmetry in ��B
B̃ decay. (b): contributes to CP asymmetry when the flavor and CP violation in squark mass matrices are
sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.

6

Non null CP-asymmetry present only with flavor violation in the squark sector

Very suppressed value. Compensated by an enhanced abundance of the 
Bino

The particle producing the baryon asymmetry is the Bino which features a strongly enhanched
abundance thanks to the mini-Split SUSY setup. The baryon-asymmetry is created through the
interference between the tree-level processes and a loop diagram in which run another gaugino a
squark and a quark. The creation of a non-zero CP asymmetry requires that this second gaugino
is lighter than the Bino [8]. We will focus on the case in which this second gaugino is the gluino.
In this case the we have a direct generation of the baryon asymmetry ( in the case of Wino NLSP
a lepton asymmetry is created and then converted by the sphaleron processes). The only RPV
operator which we need to switch on is λ

��
U cDcDc. In order to simplify the notation we will just

label the coupling with λ and neglect flavor indices.
In presence of a gravitino LSP, the metastable Bino features three main decay channels with

the following rates:

Γ
�
B̃ → udd+ udd
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λ2g21NRPV
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=
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2
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(3)

where NRPC and NRPV take into account the multiplicity of the decay channels while MPl is the
reduced Planck mass MPl = 2.43 × 1018GeV. In the last rate X indicates the sum over all the
possible final states which accompany the gravitino.

The first two decays are the ones already present in [2] and relevant for the generation of
the baryon asymmetry. The additional decay channel into gravitino does not alter the original
picture since its branching ratio:

Br
�
B̃ → G̃+X

�
≈ 5.7× 10−10

�
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�−1� m3/2
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(4)

is very suppressed. Nonetheless the out-of-equilibrium decays of the Bino can produce the correct
amount of dark matter in view of the extremely high value of Ωτ→∞

B̃
. The amount of dark matter

obtained in this way is given by:

Ω3/2 =
m3/2

mB̃

Br
�
B̃ → G̃+X

�
Ωτ→∞

B̃
(5)

Remarkably the baryon density, in the setup considered, is given by a very similar expression:

Ω∆B = ξ
mp

mB̃

�CPΩ
τ→∞
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(6)

with
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where φ is the total CP phase associated to the generation of the asymmetry. In the following we
will assume Im[eiφ] = 1 and drop it from the expressions below. The ratio between the Baryon
and DM densities is then independent from the density of the Bino but depends only on �CP

(and then on the branching ratio of the RPV decay) and on the branching ration of decay into
gravitino:

Ω∆B

ΩDM
= ξ

mp

m3/2

�CP

Br
�
B̃ → G̃+X

� (8)

2

In [2] are assumed two main annihilation channels. The first is in two Higgs bosons with

cross section:

σHH(s) =
g41
32π

s− 4m2
B̃

s

�
1− 4

m
2
B̃
s

1

µ2
(10)

which lead to the following thermal average:

�σHHv� = 1

8m4
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2 (x)

� ∞
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dsσSS(s)
�
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�√
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�√
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T
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=

g41
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1
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A(x) (11)

where:

A(x) =
1

x4K2
2 (x)

� ∞

2x
dzz

�
z2 − 4x2

�3/2
K1(z) (12)

The second one is the annihilation into two fermions mediated with thermally averaged cross

section:

�σffv� =
g21Y

2
d
λ2

5π

m2
B̃

m4
0

�
5
K4(x)

K2(x)
+ 1

�
(13)

In reality these are not the only annihilation channels. The presence of a lighter gaugino, the

gluino, in the case under consideration, allows the processes B̃g̃ → qq and B̃q → g̃q 1
. The

relative cross sections have an analogous functional behavior with respect to the RPV annihilation

cross section and result:

�σv�
B̃g̃→qq

∝ g21g
2
3

m2
B̃

m4
0

�
2
K4(x)

K2x
+ 1

�

�σv�
B̃q→g̃q

∝ g21g
2
3

m2
B̃

m4
0

�
8
K4(x)

K2(x)
+ 1

�
(14)

In the following computation we will assume the value of λ is high enough such that the RPV

annihilation dominates with respect the RPC channels above. Indeed the main physical results

can be got by focusing on the higgsino mediated annihilation and in the RPV channels and the
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with xf.o./A(xf.o.) � 1 for m0 � 106GeV. Interestingly the baryon density is not influenced by
the absolute scale of m0

2 , but rather on its ratio with µ 3. The most relevant parameters are
1In this case we actually consider the sum of B̃q → g̃q and B̃q → g̃q.
2This is not exactly true. Indeed the quantity xf.o./A(xf.o.) varies a lot in the parameter scale and is sensitive

to the absolute scales of µ and m0.
3In principle, with gluino NLSP, an annihilation channel B̃q → qg̃ is open. In [2] there is no apparent mention

to it. In case this channel is relevant this statement may result channel. The picture depicted in the main text
is, instead, surely valid in the scenario considered in the next section.
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channel not to suppress the asymmetry, the author assumes λ
�� � O(0.1): this might not be a

valid assumption for the first generation (see [2] for a review of the bounds on the RPV couplings).
The CP asymmetry is suppressed by the square of the ratio between the mass of the bino and
that of the squarks:

�CP =
g2s
15π

Im[eiφ]
� mB̃

msfermions

�2
, (4.11)

where φ is the phase of the B̃ mass.
A model of Leptogenesis is also proposed, using the decay channel B̃ → Qj d̄k, which interferes

with a one loop diagram involving the wino, and two sleptons. As the gluino in the first model,
the wino must be lighter than the bino to allow the B-preserving decay channels B̃ → Li, L̄i, W̃
and B̃ → H,H∗, W̃ . The latter however heavily suppresses the asymmetry, unless µ � msfermions.
The CP asymmetry is given again by (4.11) with gw instead of gs.

The good point of this incarnation is that it uses only the particle content of the MSSM, and
that it allows msfermions to be up to two orders of magnitudes larger than the TeV scale (fitting in
the framework of Mini-Split SUSY [12]). However the conditio sine qua non of the model is that
µ � msfermions: if not then the B-preserving channel dominates in the leptogenesis mechanism,
and the annihilation B̃, B̃ → H,H∗ is too fast and forbids a large relic abundance. Setting
apart the issue of naturalness, the condition µ � msfermions is phenomenologically possible (as
recently pointed out in [26]) but requires Bµ ≈ µ2 in order to satisfy the condition for ElectroWeak
symmetry breaking (see e.g. [27] for a review). This is somewhat unsatisfactory because there is
no easy way to have µ2 and Bµ at the same scale from the point of view of a UV completion of the
supersymmetric theory. Furthermore the annihilation process B̃, B̃ → H,H∗ can make the bino
freeze out as a hot relic, so that its would-be abundance would not be given by (4.1), spoiling the
WIMP miracle. Last, but not least, this model requires the gluino and wino to be lighter than
the bino, which is then taken to have mass about 1 TeV. It is however clear that g̃, W̃ cannot be
much below the TeV scale, so that this assumptions looks again quite unsatisfactory.

4.2 Two incarnations in SUSY with heavy sfermions
The unsatisfactory points of the models of [14] motivate the quest for incarnations in which µ
is not far from the weak scale, which we will pursue in this section. Motivated by the fact
that the LHC has not found evidence of light superpartners, we will consider the scalars of the
supersymmetric theory, except the Higgs doublets, to be heavier than the weak scale: their mass
scale will be denoted by M̃ . This assumption allows us to integrate out the squark fields in the
computation. The low energy spectrum of the theory is constituted by the SM fermions, the Higgs
doublets Hd, Hu, the higgsinos H̃u, H̃d and the gauginos. We also add two Majorana WIMPs as
components of new chiral superfields χ, S: in order to preserve the WIMP miracle (4.1), their
mass should be of O(TeV). We will also assume that they are heavier than the higgsinos, i.e.
µ < Mχ,S. The splitting between the weak scale and the scale of the sfermion masses is the core
of the framework of Split SUSY [10],[11].

Let us then consider the following superpotential, as suggested in [1]:

W = λ3ij t̄d̄id̄j + �χHuHd + ytt̄QHu +Mχχ
2 + µHuHd +MSS

2 + αχ2S + βSHuHd, (4.12)
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contributing to it, because the intermediate states can all go on-shell. The two cuts passing through
the propagator of the higgsino give a divergent contribution when xi → 0, with xi = mi/Mχ,
i = µ, h, t. The other cut, crossing the propagators of the Higgs and of the top quark, gives
a vanishing contribution for xi → 0. Therefore, for xi �= 0, the term associated to it will be
subleading in xi compared to those ones coming from the other two cuts, therefore we neglect it
in the computation.

Using (4.6), we find the following expression for the baryon asymmetry generated by the
diagrams in Fig. (3), in the approximation of massless final states, and at second order in xi,
i = µ, h, t, keeping only the leading terms:
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and A is a suppression factor:
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The cause of this suppression is evident from the 1st line of (4.16): in the denominator of (4.6) we
need to sum the tree level decay rates of all the possible channels. As we have already remarked,
apart from the three-body final state, there is also the two-body H̃d, Hu channel, which does not
involve the mediation of a squark. Therefore its amplitude is enhanced, with respect to that of
the decay χ− H̃u → t

†
L, b̄, s̄ by a phase space factor, and by a scale factor ∼ Mt̃

M2
χv

2 . A contour plot
of the function f(xµ, xt, xh) is shown in Fig. (4) as a function of µ and Mχ, taking mt,mh < µ:
it is clear that f ∼ O(1) in the plotted range. The suppression factor (4.18) severely restricts
the allowed hierarchy between the mass of the stop and the mass of the WIMP χ. Indeed, even
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Figure 3: One loop and tree level diagram interfering to generate the CP asymmetry.
The mass insertions in the loop diagram are used to show the correct direction of the
arrows. The virtual state running in the loop is a mix of H̃u and H̃d.
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The cause of this suppression is evident from the 1st line of (4.16): in the denominator of (4.6) we
need to sum the tree level decay rates of all the possible channels. As we have already remarked,
apart from the three-body final state, there is also the two-body H̃d, Hu channel, which does not
involve the mediation of a squark. Therefore its amplitude is enhanced, with respect to that of
the decay χ− H̃u → t

†
L, b̄, s̄ by a phase space factor, and by a scale factor ∼ Mt̃

M2
χv

2 . A contour plot
of the function f(xµ, xt, xh) is shown in Fig. (4) as a function of µ and Mχ, taking mt,mh < µ:
it is clear that f ∼ O(1) in the plotted range. The suppression factor (4.18) severely restricts
the allowed hierarchy between the mass of the stop and the mass of the WIMP χ. Indeed, even
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Figure 3: One loop and tree level diagram interfering to generate the CP asymmetry.
The mass insertions in the loop diagram are used to show the correct direction of the
arrows. The virtual state running in the loop is a mix of H̃u and H̃d.

14

contributing to it, because the intermediate states can all go on-shell. The two cuts passing through
the propagator of the higgsino give a divergent contribution when xi → 0, with xi = mi/Mχ,
i = µ, h, t. The other cut, crossing the propagators of the Higgs and of the top quark, gives
a vanishing contribution for xi → 0. Therefore, for xi �= 0, the term associated to it will be
subleading in xi compared to those ones coming from the other two cuts, therefore we neglect it
in the computation.

Using (4.6), we find the following expression for the baryon asymmetry generated by the
diagrams in Fig. (3), in the approximation of massless final states, and at second order in xi,
i = µ, h, t, keeping only the leading terms:

�CP = − Im[c0c∗1]�
all channels|c0|

2

2
�
Im[A0A∗

1]dΦ
(3)

�
|A0|2dΦ(3)

≈ 1

8π

Im{�∗2e−iφµ}yt
|�|2 sin β

|µ|mt

vMχ

f(xµ, xt, xh)

A
, (4.16)

where φµ is the phase of µ, and:

f(xµ, xt, xh) =
�
− 3

xh

xt
+

1

3
(2− 8 ln

1 + 1
1−2x2

h+2x2
µ

1− 1
1−2xh+2x2

µ

− 8 ln xt + 12x2
h ln xt)

�
, (4.17)

and A is a suppression factor:

A = 1 +
26 · 3 · π2

M
4
t̃

|λ��
332|

2|yt|2M2
χv

2 sin2 β
. (4.18)

The cause of this suppression is evident from the 1st line of (4.16): in the denominator of (4.6) we
need to sum the tree level decay rates of all the possible channels. As we have already remarked,
apart from the three-body final state, there is also the two-body H̃d, Hu channel, which does not
involve the mediation of a squark. Therefore its amplitude is enhanced, with respect to that of
the decay χ− H̃u → t

†
L, b̄, s̄ by a phase space factor, and by a scale factor ∼ Mt̃

M2
χv

2 . A contour plot
of the function f(xµ, xt, xh) is shown in Fig. (4) as a function of µ and Mχ, taking mt,mh < µ:
it is clear that f ∼ O(1) in the plotted range. The suppression factor (4.18) severely restricts
the allowed hierarchy between the mass of the stop and the mass of the WIMP χ. Indeed, even

χ
tHu

tL

t̄

H̃d

H̃u

b̄

s̄

(a)

χ− H̃

b̄

s̄

t
†
L

(b)

Figure 3: One loop and tree level diagram interfering to generate the CP asymmetry.
The mass insertions in the loop diagram are used to show the correct direction of the
arrows. The virtual state running in the loop is a mix of H̃u and H̃d.

14

First realization:

CP asymmetry is again suppressed and need to be compensated by a high relic density 
of the mother particle.

CP-asymmetry suppressed by the presence of a two body decay
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Second realization
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Figure 5: Vertex and self energy one loop diagrams interfering with the tree level

diagram χ̃ → H̃uHd to give CP asymmetry.

4.2.2 2nd incarnation

We now illustrate a second possible incarnation of the model of [1]. In the previous subsection

we have built a mechanism which, despite involving only one power of the /B coupling, escapes

the statement of Nanopoulos and Weinberg because at one loop the WIMP χ decays through

a B-preserving channel. However this is also a problem of that model, as the two-body decay

χ → H̃d, Hu is much faster than the three-body one χ − H̃u → t†L, b̄, s̄, and suppresses the CP

asymmetry. This problem can be avoided if we actually use only the B-preserving channel at one

loop to generate �CP , mimicking indeed the general model.

Let us then consider again the superpotential (4.12). We will now use also the superfield S. We

then generate the BAU in two steps: first of all we produce a CP asymmetry in H̃u,
¯̃Hu through

the out-of-equilibrium and B-preserving decay χ → Hd, H̃u. In this model the higgsino H̃u is

the would-be LSP, therefore it decays only through the effective /R coupling λ332. The latter is

responsible for converting the CP asymmetry in a baryon asymmetry.

Using the field S̃, we can build two one loop diagrams, shown in Fig. 5 whose interference with

the tree level decay χ → H̃u, Hd generates the CP asymmetry. These diagrams are the analogous

of the ones in Fig. 1. The CP asymmetry generated by these diagrams has already been calculated

in Section 4.1. Indeed the helicity structure of the diagrams is exactly the same as the one of

the diagrams of the minimal model in [1]. For example, the amplitude represented by the first

one-loop diagram is:

Avertex = i

�
d4p1
(2π)4

�
d4p2
(2π)4

Tr[PR(/p+Mχ)PR(−/p1 + µ)PL(/q +MS)PL/k]

(q2 −M2
S)(p

2
1 − µ2)(p22 −m2

h)
. (4.21)

For MS � Mχ and in the approximation in which the Higgs and Higgsinos are massless, the CP

asymmetry is:

�CP ≈ 1

8π

Im{(�∗β)2}
|�|2

Mχ

MS
, (4.22)

Such an asymmetry is large if β ∼ O(1). The bounds on the coupling � are the same that we have

discussed at the end of Sec. 4.1. The CP asymmetry now depends on the relative phase between

� and β. Let us also notice that a diagram similar to the first in Fig. (3) can be obtained using

a virtual bino instead of S. The bino couples to Hu, H̃u and Hd, H̃d. We could therefore try to
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Two step production: CP asymmetry produced in the two body decay, Baryon 
asymmetry produced by the RPV decay of higgsinos

The field S can be replaced by the 
Bino but the asymmetry gets 
suppressed by the smaller 
coupling
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λ/χ λ/χ

Figure 6: H̃
0
u
− ¯̃

H
0
u

oscillation: the mass insertions in the gaugino propagator denotes

the presence of a Majorana mass, while the others the mixing factor.

write a more minimal model, without considering the field S: however in this case we would have

the gauge couplings g
�
instead of β and the asymmetry would be further suppressed by a factor

of ∼ 10−2
.

Despite its simplicity, there is a relevant difficulty associated to this mechanism. Being neutral,

the higgsinos mix with the neutral gauginos, B̃, W̃
0
, which are usually both represented by Majo-

rana fields, and with the WIMPs χ̃, S̃. This implies that CP conjugate states, H̃u and
¯̃
Hu, oscillate

into each other. The interactions responsible of the mixing are described by the Lagrangian:

Lint = −1

2
µH̃uH̃d −

1

2
Mχχ̃χ̃− 1

2
MSS̃S̃ − 1

2
M

B̃
B̃B̃ − 1

2
M

W̃ 0W̃
0
W̃

0 − �χ̃H̃uHd − βS̃H̃uHd

+
1√
2
g

�
H

0
u
H̃

0
u
B̃ − 1√

2
gH

0
u
H̃

0
u
W̃

0
. (4.23)

The amplitude of the oscillation is diagramatically represented in Fig. 6. Qualitatively, we expect

that the CP asymmetry in H̃u,
¯̃
Hu will be washed out by the oscillation if its associated rate Γ

H̃u→ ¯̃
Hu

is larger than the decay rate: Γ
H̃u→t

†
L,b̄,s̄

≈ |yt|2|λ
��
332|

2

210·3π3

�
µ

Mt̃

�4
µ. This semi-quantitative analysis leads

again to a restriction on the splitting between the masses of the squarks and µ.

To be more precise, we study the time evolution of the CP asymmetry in (4.22) with a formalism

analogous to the one used to describe CP violation in the decay and mixing of neutral mesons

(see [28] for a review). The initial condition on �CP is given by (4.22):

�χ
CP

=
1

8π

Im{(�∗β)2}

|�|2
Mχ

MS

, (4.24)

and there is no further CP violation in the decay of H̃u (
¯̃
Hu). The states of an initially pure

|H̃u�, or |
¯̃
Hu�, after an elapsed proper time t are denoted by |H̃u,phys(t)�, | ¯̃Hu,phys(t)�. The time

evolution of these states is described by a 2 × 2 effective Hamiltonian, which is not Hermitian,

because of the decay H̃u → t
†
L
, b̄, s̄. In the basis (H̃,

¯̃
H):

H = M − i

2
Γ =

�
− i

2ΓH̃→t
†
L,b̄,s̄

mM

mM − i

2ΓH̃→t
†
L,b̄,s̄

�
(4.25)

The element H12 is a Majorana mass, acquired by H̃ because of the mixing with the neutral
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where Prf denotes the probability of some final state. Now, by definition of the density operator,
we have:

Pr
H̃u→t

†
L,b̄,s̄

= Tr[ρP1] (4.33)

Pr ¯̃
Hu→tL,bR,sR

= Tr[ρP2], (4.34)

where Pi is the projector on the basis state |φi�. Using the definitions (4.29) we find:

Pr
H̃u→t

†
L,b̄,s̄

− Pr ¯̃
Hu→tL,bR,sR

= Tr[ρP1]− Tr[ρP2] = �χ
CP

e−Γt cos(2mM t), (4.35)

while the denominator of (4.32) gives the normalization factor N = Γ. In the limit T → ∞ we
obtain, from (4.32):

�T→∞
B

=
�χ
CP

1 + 4
m

2
M

Γ2

� �χ
CP

1 +
�
210 · 3π3g�2 M

4
t̃
v2u

MB̃µ5

�2 , (4.36)

where we assume that the dominant contribution to mM comes from the mixing with the bino.
As expected from the qualitative analysis, for mM � Γ, �B → �χ

CP
, i.e. there is no wash-out. The

opposite case, that of total wash-out, is obtained for mM � Γ.
From (4.36) we see that the asymmetry is suppressed by the ratio

�
Mt̃
µ

�8�
v
2
u

MB̃µ

�2
, with vu =

v sin β, tan β ≡ vu
vd

. It is therefore clear that, in order to preserve the CP asymmetry (4.22), we
need Mt̃ ∼ µ. However we cannot push up µ, because we need the Higgsino to be lighter than
the decaying metastable WIMP in order to violate the hypothesis of the Theorem of Nanopoulos
and Weinberg. Therefore, once again, this model requires the squark masses to be not far from
the Weak scale. To get a numerical estimate, let us consider µ ∼ M

B̃
∼ 1− 2 (TeV), then we can

take Mt̃ ∼ 3 − 5 TeV to approximately cancel the suppression due to the oscillation. Therefore
for this range of sfermion, gaugino and higgsino masses we can obtain a CP asymmetry such that
the ΩB − ΩDM coincidence is explained with differences of O(1) in the couplings and masses of
stable and metastable WIMPs.

5 Conclusions
The explanation of the BAU is one of the main open problems in Particle Physics. In this paper we
focused on those mechanisms of Baryogenesis which involve the /B couplings of the RPV MSSM,
motivated also by the relevance of RPV at the LHC. We have reviewed the theorem of Nanopoulos
and Weinberg, remarking the importance of its hypotheses: i.e. that the decaying particle should
be stable when the /B interactions are switched off. We have then examined some of the existing
models of Baryogenesis and Leptogenesis through RPV, in light of the aforementioned result,
which seems not to be taken into account by some of the models proposed in the literature.

We then focused on the possibility that the Baryon abundance might be connected to the
abundance of a metastable WIMP, as proposed in [1]. Models which are inspired by the latter are
as reasonable as the hierarchies among the couplings and masses of stable and metastable WIMPs
that they introduce to explain the ΩB − ΩDM . Starting from the model in [1], we investigated
two possible incarnations in RPV SUSY, with the field content of the MSSM enriched only by the
superfields of two WIMPs. We have computed the produced CP asymmetries in these two models.
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write a more minimal model, without considering the field S: however in this case we would have

the gauge couplings g
�
instead of β and the asymmetry would be further suppressed by a factor

of ∼ 10−2
.

Despite its simplicity, there is a relevant difficulty associated to this mechanism. Being neutral,

the higgsinos mix with the neutral gauginos, B̃, W̃
0
, which are usually both represented by Majo-

rana fields, and with the WIMPs χ̃, S̃. This implies that CP conjugate states, H̃u and
¯̃
Hu, oscillate

into each other. The interactions responsible of the mixing are described by the Lagrangian:

Lint = −1

2
µH̃uH̃d −

1

2
Mχχ̃χ̃− 1

2
MSS̃S̃ − 1

2
M

B̃
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2
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0
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0
u
W̃

0
. (4.23)

The amplitude of the oscillation is diagramatically represented in Fig. 6. Qualitatively, we expect

that the CP asymmetry in H̃u,
¯̃
Hu will be washed out by the oscillation if its associated rate Γ

H̃u→ ¯̃
Hu

is larger than the decay rate: Γ
H̃u→t

†
L,b̄,s̄

≈ |yt|2|λ
��
332|

2

210·3π3

�
µ

Mt̃

�4
µ. This semi-quantitative analysis leads

again to a restriction on the splitting between the masses of the squarks and µ.

To be more precise, we study the time evolution of the CP asymmetry in (4.22) with a formalism

analogous to the one used to describe CP violation in the decay and mixing of neutral mesons

(see [28] for a review). The initial condition on �CP is given by (4.22):

�χ
CP

=
1

8π

Im{(�∗β)2}

|�|2
Mχ

MS

, (4.24)

and there is no further CP violation in the decay of H̃u (
¯̃
Hu). The states of an initially pure

|H̃u�, or |
¯̃
Hu�, after an elapsed proper time t are denoted by |H̃u,phys(t)�, | ¯̃Hu,phys(t)�. The time

evolution of these states is described by a 2 × 2 effective Hamiltonian, which is not Hermitian,

because of the decay H̃u → t
†
L
, b̄, s̄. In the basis (H̃,

¯̃
H):

H = M − i

2
Γ =

�
− i

2ΓH̃→t
†
L,b̄,s̄

mM

mM − i

2ΓH̃→t
†
L,b̄,s̄

�
(4.25)

The element H12 is a Majorana mass, acquired by H̃ because of the mixing with the neutral
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Baryogenesis and SuperWimp mechanism
Baryon asymmetry and DM connected by the SuperWIMP 
mechanism.

Baryon and DM abundances generated by the out-of-equilibrium 
decays of a same mother particle.

The DM Yield is straightforwardly obtained by integrating the two terms on the right-hand
side with respect to the temperature. We have already computed the integral of the decay
term. For what regards the scattering term we have instead:

� Tmax

Tmin

A(T )

Hs
dT =

�
C̃
λ2

T 2
F (ω)dT = C̃

λ2

mΣ

� ∞

0
F (ω)dω (A.29)

where C̃ is a constant defined as:

C̃ = g
2
sgΣgψ

90

16π6

Mpl

1.66gs∗
√
gρ

(A.30)

Summing all the contribution we have that the DM relic density is given by:

Ωh2 =
mψYψ

3.6× 10−9GeV
= gΣλ

2
x (Cdecay + Cscattering) (A.31)

where

Cdecay =
1.09× 1026

8π

�
g∗
100

�−3/2
≈ 4.3× 1023

�
g∗
100

�−3/2
(A.32)

Cscat =
90αsMPlI

1.664π5
× 10−3

�
g∗
100

�−3/2
≈ 7× 1019

�
g∗
100

�−3/2
(A.33)

where we have defined:
I =

� ∞

0
F (ω) ≈ 4.3× 10−2 (A.34)

From this expression it is evident that 2 → 2 scatterings give a negligible contribution to
DM freeze-in.

Y =
n

s
(A.35)

ω =
MΣ

T
(A.36)

Ω∆B =
mp

mχ
�CPBR

�
χ → /B

�
Ωτ→∞
χ (A.37)

ΩDM =
mDM

mχ
BR (χ → DM + anything)Ωτ→∞

χ (A.38)
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The DM Yield is straightforwardly obtained by integrating the two terms on the right-hand
side with respect to the temperature. We have already computed the integral of the decay
term. For what regards the scattering term we have instead:
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The ratio between the baryon and the DM density is independent from the relic 
density of the mother particle.

Since normally the CP asymmetry is a small number we need a suppressed 
branching ratio of decay in DM.

A natural playground of this scenario is RPV SUSY 
with 

Gravitino DM
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Baryogenesis with gravitino DM

The gravitino is stable (on cosmological scales) even with high B-
violating couplings.

Superpartners decay into gravitino with a Planck suppressed rate.

The DM Yield is straightforwardly obtained by integrating the two terms on the right-hand
side with respect to the temperature. We have already computed the integral of the decay
term. For what regards the scattering term we have instead:
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Summing all the contribution we have that the DM relic density is given by:
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where we have defined:
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From this expression it is evident that 2 → 2 scatterings give a negligible contribution to
DM freeze-in.

Y =
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ω =
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m
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m
2
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2
Pl

(A.40)
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The relative branching ratio is easily suppressed with respect to the 
other possible channels.
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The particle producing the baryon asymmetry is the Bino which features a strongly enhanched
abundance thanks to the mini-Split SUSY setup. The baryon-asymmetry is created through the
interference between the tree-level processes and a loop diagram in which run another gaugino a
squark and a quark. The creation of a non-zero CP asymmetry requires that this second gaugino
is lighter than the Bino [8]. We will focus on the case in which this second gaugino is the gluino.
In this case the we have a direct generation of the baryon asymmetry ( in the case of Wino NLSP
a lepton asymmetry is created and the converted by the sphaleron processes). The only RPV
operator which we need to switch on is λ

��
U cDcDc. In order to simplify the notation we will just

label the coupling with λ and neglect flavor indices.
In presence of a gravitino LSP, the metastable Bino features three main decay channels with

the following rates:

Γ
�
B̃ → udd

�
=

�√
2λg1Yd

�2
NRPV

512π3

m5
B̃

m4
0

(1)

Γ
�
B̃ → g̃dd

�
=

(g1g3Yd)
2NRPC

1024π3

m5
B̃

m4
0

(2)

Γ
�
B̃ → G̃+X

�
=

1

48π

m5
B̃

m2
3/2M

2
Pl

(3)

where NRPC and NRPV take into account the multiplicity of the decay channels while MPl is the
reduced Planck mass MPl = 2.43 × 1018GeV. In the last rate X indicates the sum over all the
possible final states which accompany the gravitino.

The first two decays are the ones are the ones already present in [2] and relevant for the
generation of the baryon asymmetry. The additional decay channel into gravitino does not alter
the original picture since its branching ratio:

Br
�
B̃ → G̃+X

�
�

Γ
�
B̃ → G̃+X

�

Γ
�
B̃ → udd

�
+ Γ

�
B̃ → g̃dd

�

≈ 5.7× 10−10

�
1 +

NRPVλ2

πNRPCαs

�−1� m3/2

1GeV

�−2� m0

106GeV

�4
(4)

is very suppressed. Nonetheless the out-of-equilibrium decays of the Bino can produce the correct
amount of dark matter in view of the extremely high value of Ωτ→∞

B̃
. The amount of dark matter

obtained in this way is given by:

Ω3/2 =
m3/2

mB̃

Br
�
B̃ → G̃+X

�
Ωτ→∞

B̃
(5)

Remarkably the baryon density, in the setup considered, is given by a very similar expression:

Ω∆B = ξ
mp

mB̃

�CPΩ
τ→∞
B̃

(6)

with

�CP =
Im

�
eiφ

�
λ2C2NRPV

5π

�
1 +

λ2NRPV

πNRPCαs

�−1m2
B̃

m2
0

(7)

where NRPV is the multiplicity associated to the interference between tree and loop level diagrams
responsible of the generation of the asymmetry and it is, in general, different from the multiplicity
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The suppressed branching ratio does not 
influence the generation of the Baryon 

asymmetry

Additional decay channel for the Bino:

The particle producing the baryon asymmetry is the Bino which features a strongly enhanched
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reduced Planck mass MPl = 2.43 × 1018GeV. In the last rate X indicates the sum over all the
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where φ is the total CP phase associated to the generation of the asymmetry. In the following we
will assume Im[eiφ] = 1 and drop it from the expressions below. The ratio between the Baryon
and DM densities is then independent from the density of the Bino but depends only on �CP

(and then on the branching ratio of the RPV decay) and on the branching ration of decay into
gravitino:

Ω∆B

ΩDM
= ξ

mp

m3/2

�CP

Br
�
B̃ → G̃+X

� (8)
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Using this expression we can compute the baryon relic density:

Ω∆B ≈ 1.3×10−2NRPV
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with xf.o./A(xf.o.) � 1 for m0 � 106GeV. Interestingly the baryon density is not influenced by
the absolute scale of m0

2 , but rather on its ratio with µ 3. The most relevant parameters are
then λ and the mass of the bino. The amount of dark matter produced by the out-of-equilibrium
decay of the Bino is given by:
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which should be compared with the FIMP contribution expressed as:
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so that their ratio is:
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As we notice the SuperWIMP mechanism, the most interesting for our framework, tends to
dominate for m0 > 106 and µ at least greater than 10m0 while the Freeze-in mechanism rather
promptly dominates by increasing the mass of the Bino. Moreover a setup with the gluino and,
most probably, even the Wino lighter than the Bino favors the dominance of the SuperWIMP
contribution. Interestingly the ratio (21) is independent from the gravitino mass.

In fig. (1) we compare the freeze-in and the SuperWimp contribution for fixed values of mB̃ ,
mg̃ and λ respectively to 1 TeV, 900 GeV and 0.2. We assumed a fixed ratio of 10 between µ and
m0. As we notice, below m0 � 106 GeV, the FIMP mechanism dominates, as evidenced from
the fact that the DM relic density is insensitive to m0 (As we will see below this parameter and
µ control the Bino relic density associated to the SuperWimp contribution). Assuming that the
SuperWIMP is the dominant mechanism for DM production we can express the ratio Ω∆B/ΩDM

as:

Ω∆B

ΩDM
= ξ

mp

m3/2

�CP

Br
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≈ ξNRPV1.32
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(22)

2This is not exactly true. Indeed the quantity xf.o./A(xf.o.) varies a lot in the parameter scale and is sensitive
to the absolute scales of µ and m0.

3In principle, with gluino NLSP, an annihilation channel B̃q → qg̃ is open. In [2] there is no apparent mention
to it. In case this channel is relevant this statement may result channel. The picture depicted in the main text
is, instead, surely valid in the scenario considered in the next section.
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which should be compared with the FIMP contribution expressed as:
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As we notice the SuperWIMP mechanism, the most interesting for our framework, tends to
dominate for m0 > 106 and µ at least greater than 10m0 while the Freeze-in mechanism rather
promptly dominates by increasing the mass of the Bino. Moreover a setup with the gluino and,
most probably, even the Wino lighter than the Bino favors the dominance of the SuperWIMP
contribution. Interestingly the ratio (21) is independent from the gravitino mass.

In fig. (1) we compare the freeze-in and the SuperWimp contribution for fixed values of mB̃ ,
mg̃ and λ respectively to 1 TeV, 900 GeV and 0.2. We assumed a fixed ratio of 10 between µ and
m0. As we notice, below m0 � 106 GeV, the FIMP mechanism dominates, as evidenced from
the fact that the DM relic density is insensitive to m0 (As we will see below this parameter and
µ control the Bino relic density associated to the SuperWimp contribution). Assuming that the
SuperWIMP is the dominant mechanism for DM production we can express the ratio Ω∆B/ΩDM

as:
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2This is not exactly true. Indeed the quantity xf.o./A(xf.o.) varies a lot in the parameter scale and is sensitive
to the absolute scales of µ and m0.

3In principle, with gluino NLSP, an annihilation channel B̃q → qg̃ is open. In [2] there is no apparent mention
to it. In case this channel is relevant this statement may result channel. The picture depicted in the main text
is, instead, surely valid in the scenario considered in the next section.

5

Limitations of the computations:

Wash-out processes. (Not effective if the decay occurs at 
temperatures below the Bino mass).
 Effects of annihilations. 
Chemical decoupling of the Bino.

Other production mechanisms of the gravitino.

where:
A(x) =
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The second one is the annihilation into two fermions mediated with thermally averaged cross
section:

�σffv� =
8g21λ

2

45π

m2
B̃

m4
0

�
5
K4(x)

K2(x)
+ 1

�
(13)

In reality these are not the only annihilation channels. The presence of a lighter gaugino, the
gluino, in the case under consideration, allows the processes B̃g̃ → qq and B̃q → g̃q 1 . The
relative cross sections have an analogous functional behavior with respect to the RPV annihilation
cross section and result:
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In the following computation we will assume the value of λ is high enough such that the RPV
annihilation dominates with respect the RPC channels above. Indeed the main physical results
can be got by focusing on the higgsino mediated annihilation and in the RPV channels and the
results can be straightforwardly generalized to the case in which all the annihilation channels are
properly taken into account.

The Bino relic density is then given by:
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from which we notice that the hh channel is dominant in the relevant (for our purposes) region
of the parameter space. In this case we can write the Bino-relic density as:
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Using this expression we can compute the baryon relic density:
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with xf.o./A(xf.o.) � 1 for m0 � 106GeV. Interestingly the baryon density is not influenced by
the absolute scale of m0

2 , but rather on its ratio with µ 3. The most relevant parameters are
1In this case we actually consider the sum of B̃q → g̃q and B̃q → g̃q.
2This is not exactly true. Indeed the quantity xf.o./A(xf.o.) varies a lot in the parameter scale and is sensitive

to the absolute scales of µ and m0.
3In principle, with gluino NLSP, an annihilation channel B̃q → qg̃ is open. In [2] there is no apparent mention

to it. In case this channel is relevant this statement may result channel. The picture depicted in the main text
is, instead, surely valid in the scenario considered in the next section.
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In fig. (1) we compare the freeze-in and the SuperWimp contribution for fixed values of mB̃ ,
mg̃ and λ respectively to 1 TeV, 900 GeV and 0.2. We assumed a fixed ratio of 10 between µ and
m0. As we notice, below m0 � 106 GeV, the FIMP mechanism dominates, as evidenced from
the fact that the DM relic density is insensitive to m0 (As we will see below this parameter and
µ control the Bino relic density associated to the SuperWimp contribution). Assuming that the
SuperWIMP is the dominant mechanism for DM production we can express the ratio Ω∆B/ΩDM

as:
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From this expression we notice that, in order to get Ω∆B/ΩDM ∼ 0.2 we need m0 � 106GeV
consistently with the hypothesis of dominance of the SuperWIMP mechanism. Moreover the scale
m0 can actually increase by less than one order of magnitude, otherwise we get to the region
where the Bino occurs relativistic freeze-out (see also fig. (2)) and the computations should be
varied accordingly. It is then evident that the gravitino mass cannot be far from the proton mass
and, likely, values lower than 1 GeV are favored.

By comparing (19) ,(21) and eq. (22) it appears evident the combined fit of the relevant
quantities fixes in a rather severe way the range of variation of the relevant parameters.

Fig. (2) provides a summary of our analysis. Here we consider two benchmark scenarios in
which the matching between the baryon and DM densities is achieved. We have fixed the ratio
µ/m0 to an optimal value of 103/2 and left mB̃ and m0 to vary. The red line represent a value
of Ω∆B = 0.01 The blue regions of the plot correspond to relativistic decoupling of the Bino and
are thus beyond the analytic approximation we have employed. The yellow region are instead
characterized by xd < xf.o., meaning that the effects of Bino annihilation and wash-out processes
cannot be neglected and then, again, our analytic treatment does not provide a correct picture of
the relevant processes. In this a proper treatment, based on the solution of Boltzmann equations
is needed. The region in magenta refers to the case in which the decay of the Bino occurs below
the EW phase transition. In this case one should take into account the mixing between the
gauginos and the higgsinos switched on by the higgs v.e.v. On the other hand, this mixing is
very suppressed for the kind of supersymmetric spectrum we are considering and then it should
not alter the global picture apart of the fact that the parameter ξ becomes equal to 1 since the
sphaleron processes are no more active.

Regarding the DM relic density we have considered two configurations. In the first case we
have fixed mg̃ = 900 GeV and mW̃ = 1 TeV, hence both two below the mass of the Bino. In the
second case, while keeping fixed the gluino mass to the same value, we have imposed mW̃ = 2mB̃ .
For both this two configurations we have traced the lines of the cosmological value of the DM
relic density for several values of the gravitino mass reported on the plot. As already anticipated,
the matching with the Baryon density can be achieved for value of the DM of O(0.1 − 1) GeV.
In addition, in order to have dominance of the SuperWimp mechanism, we have to require that
both that the Bino is the heavier gaugino.

We conclude our analysis by investigating more in detail an aspect very important for the
embedding of this scenario in realistic models, i.e. the hierarchy between the relevant scales.
There are in principle four relevant mass scales in our problem, namely the gravitino mass, the
Bino mass, the common mass m0 of the scalars and the scale of µ. We have seen from the
previous estimates that the gravitino mass is the one featuring less freedom of variation and
being substantially fixed at around the GeV scale. We have then considered the variation of the
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There are other two production mechanisms for gravitino:

Gravitino production

ψ = (A.43)

ψ < χ (A.44)

φ < χ (A.45)
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mg̃ < mB̃ � md̃ = m0 (A.53)

TRH < m0 (A.54)
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associated to the tree-level diagrams only. φ is the total CP phase associated to the generation

of the asymmetry. In the following we will assume Im[eiφ] = 1 and drop it from the expressions

below. The ratio between the Baryon and DM densities is then independent from the density of

the Bino but depends only on �CP (and then on the branching ratio of the RPV decay) and on

the branching ration of decay into gravitino:

Ω∆B

ΩDM
= ξ

mp

m3/2

�CP

Br
�
B̃ → G̃+X

� (8)

This rather simple expression is however not valid in general but some requirements should be

satisfied, thus further limiting the range of variation of the parameters. From the side of the

baryon density we mainly need to require that the timescale of decay of the Bino is well separated

by the one of freeze-out and that possible wash-out effects (apart the ones due to the Sphalerons

accounted in the factor ξ) are negligible. The latter condition, following the general argument

of [1] but also discussed in a closer setup by [9], is achieved if the timescale of decay is below

the mass of the Bino. The first requirement is addressed in the plots below. We anyway remark

that if this condition is not fullfilled the model is not ruled out but simply we cannot refer on the

simple expression (6) but rather stick on the numerical solution of a simple Boltzmann equation.

We also notice that in this last case the annihilation processes can contribute as well to the

generation of the baryon asymmetry; this is an interesting possibility and will possibly explored

at a second time.

Regarding the DM density the situation is instead more complicated. There are, indeed,

indeed other two mechanisms responsible for the DM relic density.

There is first of all the contribution from thermal scatterings occuring at high temperatures in

the Early Universe giving a contribution to the relic density sensitive to the gravitino and gaugino

masses as well at at the reheating temperature after the inflationary phase [4, 5]. It was also

recently pointed that gravitinos can be produced, according the so called freeze-in mechanism [6],

by the decays of the superpartners while they are still in thermal equilibrium [7]. The expression

of the relic density can be written as:

ΩFIMP
3/2 =

1.09× 1027

g3/2∗
m3/2

�

i

gi
Γi

m2
i

(9)

where Γi is the decay rate of the i-th superpartner, which can be a gaugino or a scalar, and

is given by eq. (3) by substituting the suitable mass, while gi represent the internal degrees

of freedom to the i-th state. Since the decay rate depends on the fifth power of the mass of

the decaying particle the dark matter relic density is mainly determined by the decays of the

heaviest particles. It can be easily seen that the Dark matter relic density largely exceeds the

experimental value because of the high scale of the scalars in this setup. The only way out is

to impose a low reheating temperature, Trh � 105 GeV in such a way we have no equilibrium

population of the heaviest states in the early Universe. At the same time the low reheating

temperature suppresses the contribution to the relic density from thermal scatterings. On the

other hand a FIMP contribution from the decays of the gauginos is still present.

From now we will assume a low reheating temperature scenario, that is a reheating tem-

perature below the scale m0 in such a way an equilibrium population of scalar decaying into

gravitinos is not present, but high enough to not affect the freeze-out process of the Bino. Under

this assumption the only relevant DM production mechanism are the FIMP and superWIMP

production.

Naturally not only the ratio Ω∆B/ΩDM should be of the correct value but the single quantities

as well must be in agreement with their experimental determination. We then need to know

Ωτ→∞
B̃

which depends on the annihilation cross-section of the Bino.

3

Thermal scatterings: gravitino density dependent on gaugino masses 
and reheating temperature (Strumia et al 2007, Olechowski et al 2009) 

Freeze-in production from decays of the superpartners while in 
equilibrium. (Cheung et al. 2011)
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For gravitino production FI is dominated by heaviest states.

DM is oveproduced by the scalars unless.

This suppresses also thermal contributions.
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Using this expression we can compute the baryon relic density:
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with xf.o./A(xf.o.) � 1 for m0 � 106GeV. Interestingly the baryon density is not influenced by
the absolute scale of m0

2 , but rather on its ratio with µ 3. The most relevant parameters are
then λ and the mass of the bino. The amount of dark matter produced by the out-of-equilibrium
decay of the Bino is given by:
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which should be compared with the FIMP contribution expressed as:
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so that their ratio is:
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As we notice the SuperWIMP mechanism, the most interesting for our framework, tends to
dominate for m0 > 106 and µ at least greater than 10m0 while the Freeze-in mechanism rather
promptly dominates by increasing the mass of the Bino. Moreover a setup with the gluino and,
most probably, even the Wino lighter than the Bino favors the dominance of the SuperWIMP
contribution. Interestingly the ratio (21) is independent from the gravitino mass.

In fig. (1) we compare the freeze-in and the SuperWimp contribution for fixed values of mB̃ ,
mg̃ and λ respectively to 1 TeV, 900 GeV and 0.2. We assumed a fixed ratio of 10 between µ and
m0. As we notice, below m0 � 106 GeV, the FIMP mechanism dominates, as evidenced from
the fact that the DM relic density is insensitive to m0 (As we will see below this parameter and
µ control the Bino relic density associated to the SuperWimp contribution). Assuming that the
SuperWIMP is the dominant mechanism for DM production we can express the ratio Ω∆B/ΩDM

as:
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2This is not exactly true. Indeed the quantity xf.o./A(xf.o.) varies a lot in the parameter scale and is sensitive
to the absolute scales of µ and m0.

3In principle, with gluino NLSP, an annihilation channel B̃q → qg̃ is open. In [2] there is no apparent mention
to it. In case this channel is relevant this statement may result channel. The picture depicted in the main text
is, instead, surely valid in the scenario considered in the next section.
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with xf.o./A(xf.o.) � 1 for m0 � 106GeV. Interestingly the baryon density is not influenced by
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2 , but rather on its ratio with µ 3. The most relevant parameters are
then λ and the mass of the bino. The amount of dark matter produced by the out-of-equilibrium
decay of the Bino is given by:

ΩSW
3/2 ≈ 2.34× 10−3

�
µ

103/2m0

�2� m0

106GeV

�6� mB̃

1TeV

�−1� m3/2

1GeV

�−1 xf.o.

A(xf.o.)

�
1 +

NRPVλ2

πNRPC

�−1

(19)
which should be compared with the FIMP contribution expressed as:

ΩFI
3/2 ≈ 7× 10−4

� mB̃

1TeV

�3� m3/2

1GeV

�−1
�
1 + 3

�
mW̃

mB̃

�3

+ 8

�
mg̃

mB̃

�3
�

(20)

so that their ratio is:

ΩSW
3/2

ΩFI
3/2

≈ 0.1

�
1 +

NRPVλ2

πNRPCαs

�−1� mB̃

1TeV

�−4
�

µ

m0

�2� m0

106GeV

�6

× xf.o.�
A(xf.o) + 7.19× 10−2

�
λ
0.1

�2m2
B

m2
0

�
µ
m0

�2
B(xf.o)

� 1�
1 + 3

�
mW̃
mB̃

�3
+ 8

�
mg̃

mB̃

�3
� (21)

As we notice the SuperWIMP mechanism, the most interesting for our framework, tends to
dominate for m0 > 106 and µ at least greater than 10m0 while the Freeze-in mechanism rather
promptly dominates by increasing the mass of the Bino. Moreover a setup with the gluino and,
most probably, even the Wino lighter than the Bino favors the dominance of the SuperWIMP
contribution. Interestingly the ratio (21) is independent from the gravitino mass.

In fig. (1) we compare the freeze-in and the SuperWimp contribution for fixed values of mB̃ ,
mg̃ and λ respectively to 1 TeV, 900 GeV and 0.2. We assumed a fixed ratio of 10 between µ and
m0. As we notice, below m0 � 106 GeV, the FIMP mechanism dominates, as evidenced from
the fact that the DM relic density is insensitive to m0 (As we will see below this parameter and
µ control the Bino relic density associated to the SuperWimp contribution). Assuming that the
SuperWIMP is the dominant mechanism for DM production we can express the ratio Ω∆B/ΩDM

as:

Ω∆B

ΩDM
= ξ

mp

m3/2

�CP

Br
�
B̃ → G̃+X

�

≈ ξNRPV1.32

�
λ

0.1

�2 �m3/2

mp

�� mB̃

1TeV

�2� m0

106GeV

�−6
(22)

2This is not exactly true. Indeed the quantity xf.o./A(xf.o.) varies a lot in the parameter scale and is sensitive
to the absolute scales of µ and m0.

3In principle, with gluino NLSP, an annihilation channel B̃q → qg̃ is open. In [2] there is no apparent mention
to it. In case this channel is relevant this statement may result channel. The picture depicted in the main text
is, instead, surely valid in the scenario considered in the next section.
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Figure 1: Gravitino relic density in the plane (m3/2,m0). We have assumed µ = 10m0 and

λ = 0.2, mB̃ = 1TeV and mg̃ = 900GeV. The black, blue, red, green and yellow line refer,

respectively, to mW̃ = 2, 3.5, 5, 7.5, 10 TeV.

From this expression we notice that, in order to get Ω∆B/ΩDM ∼ 0.2 we need m0 � 106GeV

consistently with the hypothesis of dominance of the SuperWIMP mechanism. Moreover the scale

m0 can actually increase by less than one order of magnitude, otherwise we get to the region

where the Bino occurs relativistic freeze-out (see also fig. (2)) and the computations should be

varied accordingly. It is then evident that the gravitino mass cannot be far from the proton mass

and, likely, values lower than 1 GeV are favored.

By comparing (19) ,(21) and eq. (22) it appears evident the combined fit of the relevant

quantities fixes in a rather severe way the range of variation of the relevant parameters.

This is evidenced by the examples of fig. (2). In the left panel we show same benchmark of

[2]. The region on the left of the red line is outside the validity of the computation since the

timescale of the decay responsible of the generation of the baryon asymmetry is comparable or

lower than the one of chemical decoupling of the Bino. In the region above the blue line the

Bino decouples while being relativistic and then as well outside the region of interest. The black

curves represent the correct value of the DM relic density for the values of the gravitino masses

reported in the plot. As we notice there is only a marginal agreement between the DM relic

density and the baryon asymmetry in the region where xf.o < 1. In the right panel we have

reported the value of the baryon asymmetry in the plane (mB̃ ,λ) for the fixed values of m0 and

µ to, 106.5 and 108 GeV. The black lines represent again the DM relic density for several values

of the gravitino mass. As we notice we find a matching between the DM relic density and the

baryon asymmetry for gravitino masses between 0.25 and 1 GeV. However, apart in the former

case, the freeze-in mechanism dominates the DM relic density because of the high masses of the

gauginos.

In fig. (3) we consider two benchmark scenarios in which the matching between the baryon

and DM densities is achieved. We have fixed the ratio µ/m0 to an optimal value of 103/2. We

6

FI dominated

SW dominated

Giorgio Arcadi                                                                                                                                     Invisibles journal club 10-12-2013  
martedì 10 dicembre 2013



Results

0.010.01

1GeV

0.1GeV

0.01GeV

0.1GeV

1GeV

xf .o. � 1

xd � xew

xd � xf .o.

Λ � 0.1

2000 4000 6000 8000 10000
5.0

5.5

6.0

6.5

7.0

MB�GeV�

m
�GeV

�

0.01

0.01

1GeV

0.1GeV

0.01GeV

1GeV

0.1GeV

0.1GeV

xd � xf .o.

xf .o. � 1

xd � xEW

Λ � 0.5

�

2000 4000 6000 8000 10000
5.0

5.5

6.0

6.5

7.0

MB�GeV�

m
�GeV

�

Figure 3: Contour Ω∆B = 0.01 in the plane (mB̃ ,m0). Dashed black lines represent the

WMAP/Planck value of the DM relic density for the values of the gravitino mass reported in

the plot and taking mg̃ = 900 GeV and mW̃ = 1 TeV. Brown lines represent the DM relic den-

sity assuming instead mW̃ = 2mB̃ . In the yellow regions we that the time scale of decay of the

bino is comparable or lower than the one of annihilations and then we are outside the validity

of the assumptions done for our computations. In analogous way we won’t consider the blue

regions, in which the Bino decouple while still relativistic. In the violet region the Bino decays

after the EW phase transition. In this case the setup with mW̃ < mB̃ should be further veri-

fied since the mixing between gauginos may induce dangerous annihilation and decay channels.

As the value of the Bino mass increases FIMP mechanism most likely dominates the gravitino

relic density as evidenced by the fact the the relic density is not anymore sensitive to m0. The

left and right panel differ from the value chosen for λ, reported in the plot. In both cases we

have assumed µ = 103/2 m0.

In the scenario we are considering there is a gluino NLSP which can lie within the reach of

detection from LHC. We can then estimate its decay length in order to infer the potential LHC

phenomenology. The dominant decay channel is, also in this case, the RPV one with a rate:

Γg̃ =
αsλ2

256π2
Nc

m5
g̃

m4
0

(25)

The associated decay length is:

cτg̃ ≈ 14.1

Nc
cm

�
λ

0.1

�−2� m0

106GeV

�4� mg̃

1TeV

�−5
(26)

3 Marco’s scenario
We want to consider an alternative framework in which the CP violating phases are encoded in

the RPV parameter λ and the asymmetry is generated through the loop diagram induced by only

RPV couplings, without the need of the presence of a lighter gaugino with respect to the Bino.

This scenario has the advantage of being more manageable from the theoretical point of view
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Alternative realization

1. contain more than one baryon number violating coupling (because of the theorem in [2])

2. contain non trivial imaginary part of the product of the couplings

3. contain non trivial imaginary part from the kinematics (Cutkosky’s cutting rules)

If we apply the following selection rules we are left with only diagrams with the following topology:

χ

c̃

t̃

cR

sR

bR

bs

In particular the one reported in figure is the dominant one.
The explicit computation of the diagrams and the integration over the phase space leads to the

following result :

εχ =
1

10 π

! [(λ′′
231)

∗λ′′
331(λ

′′
332)

∗λ′′
232]

|λ′′
232|

2

m2
χ

m2
c̃

g

(

m2
χ

m2
t̃

,
m2

χ

m2
t̃

)

(4)

the function g(x, y) is defined in the last section. It goes like

g(x, y) = 1 + O (x, y) (5)

1.1 Cosmology

We have to be sure that the neutralino decay is out of thermal equilibrium, this correspond to require
that1

〈Γχ〉 < 2H(T = mχ) (6)

this correspond to

g′2 |λ′′
232|

2

144 π3
|N11|2

m5
χ

m4
c̃

< 3.3 g1/2
∗

T 2

MP
(7)

|λ′′
232| < 1.1 · 10−3 0.3

|N11|

( mc̃

1 TeV

)2
(

100 GeV

mχ

)3/2

(8)

In terms of λ0 defined in (1), the bound is given by

|λ0| < 6.5
0.3

|N11|

( mc̃

1 TeV

)2
(

100 GeV

mχ

)3/2

(9)

1The factor 2 on the r.h.s is introduced to match the definition of the parameter K defined in Kolb and Turner

2

CP-violation is encoded in RPV couplings.

Bino can be the NLSP.
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We have fixed µ = 100m0 and λ = 0.65. The dashed black curves refer to the DM relic density
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expression of the CP-asymmetry given by:

�CP = λ2 1

10π

m2
B̃

m2
0

(27)

where we have again put to one the total CP phase.
We can now recompute the relevant quantities for our analysis:

Ω∆B

ΩDM
≈ 0.04ξ

�
λ

0.1

�4 �m3/2

mp

�� mB̃

1TeV

�2� m0

106GeV

�−6
(28)

Ω∆B = 3.3× 10−4ξ
xf.o.

A(xf.o.)

� mB̃

1TeV

��
µ

10m0

�2 � λ

0.1

�2

(29)

By comparing the expressions with their corresponding in the previous section we notice that
the we need to require values of the coupling λ sensitively greater for accomplishing the correct
value of the baryon density. Masses of the Bino in the multi-TeV range seem to be favored as
well. This however makes harder the desired matching between the baryon and DM density.
Moreover requiring both the Wino and the gluino heavier than the Bino tend to enhance the
freeze-in contribution to the DM relic density.

In fig. (4) we have performed, in analogous manner as the previous section, the analysis of
the plane (mB̃ ,m0) for fixed µ/m0 ratio and λ, this time respectively to 100 and 0.65.
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Figure 4: Same contours as fig. (2) for the scenario with baryogenesis only from λ couplings.
We have fixed µ = 100m0 and λ = 0.65. The dashed black curves refer to the DM relic density
in the case mW̃ = mg̃ = 1.1mB̃ while the brown solid line refers to mW̃ = 2mB̃ and mg̃ =
3mB̃ .

In computing the relic density we have considered again two configurations for the gaugino
spectrum, but different with respect to the previous scenario since we are assuming that the
Bino is always the NLSP. We have first considered the a rather compressed spectrum, namely
mW̃ = mg̃ = 1.1mB̃ ; the associated curves of the DM relic density are represented by dashed
black lines. We have then represented through a solid line the DM relic density for mW̃ = 2mB̃
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Figure 3: Regions of the correct baryon asymmetry with respect to mB̃ and µ for the values of

m0 reported in the plot. The dashed lines represent the values of the DM relic density for the

considered values of m0 and for m3/2 = 1 GeV.

which results extremely far from the capability of detection of current and next future experi-

ments.

In the scenario we are considering there is a gluino NLSP which can lie within the reach of

detection from LHC. We can then estimate its decay length in order to infer the potential LHC

phenomenology. The dominant decay channel is, also in this case, the RPV one with a rate:

Γg̃ =
αsλ2

256π2
Nc

m5
g̃

m4
0

(25)

The associated decay length is:

cτg̃ ≈ 14.1

Nc
cm

�
λ

0.1

�−2� m0

106GeV

�4� mg̃

1TeV

�−5
(26)

3 Second scenario
We want to consider an alternative framework in which the CP violating phases are encoded in

the RPV parameter λ and the asymmetry is generated through the loop diagram induced by only

RPV couplings, without the need of the presence of a lighter gaugino with respect to the Bino.

This scenario has the advantage of being more manageable from the theoretical point of view

and do not suffer from possible issues of keeping light gauginos (like e.g. collider limits in the

case of the gluino). Moreover all the elements needed to the creation of the baryon asymmetry

are encoded in the RPV coupling λ’s. The price to pay is the fact that we likely need higher

values of the coupling λ making more troublesome the matching between the baryon and DM

relic densities.

Regarding the computation, the only difference with respect to the previous section, is in the
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and mg̃ = 3mB̃ . We have found again a matching between the correct baryon and DM densities

for gravitino masses of the order 0.1-1 GeV. However the DM relic density is always dominated

by the freeze-in mechanism as consequence of the higher masses of the gauginos.
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Figure 5: Regions of the correct baryon asymmetry with respect to mB̃ and µ for the values of

m0 reported in the plot. The dashed lines represent the values of the DM relic density for the

considered values of m0 and for m3/2 = 1 GeV.

Fig. (5) reports instead the analysis in the plane (mB̃ , µ). The outcome is again rather similar

to the previous scenario with a very strong hierarchy enforced between the scales mB̃ , m0 and µ.

In this second scenario these are even stronger as a consequence of the suppression of the baryon

asymmetry with the coupling λ.
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Figure 2: Contour Ω∆B = 0.01 in the plane (mB̃ ,m0). Dashed black lines represent the
WMAP/Planck value of the DM relic density for the values of the gravitino mass reported in
the plot and taking mg̃ = 900 GeV and mW̃ = 1 TeV. Brown lines represent the DM relic den-
sity assuming instead mW̃ = 2mB̃ . In the yellow regions we that the time scale of decay of the
bino is comparable or lower than the one of annihilations and then we are outside the validity
of the assumptions done for our computations. In analogous way we won’t consider the blue
regions, in which the Bino decouple while still relativistic. In the violet region the Bino decays
after the EW phase transition. In this case the setup with mW̃ < mB̃ should be further veri-
fied since the mixing between gauginos may induce dangerous annihilation and decay channels.
As the value of the Bino mass increases FIMP mechanism most likely dominates the gravitino
relic density as evidenced by the fact the the relic density is not anymore sensitive to m0. The
left and right panel differ from the value chosen for λ, reported in the plot. In both cases we
have assumed µ = 103/2 m0.

remaining scales in fig. (3).
We have reported in the plot the regions of 0.01 ≤ Ω∆B ≤ 0.04 associated to four values of

m0 ranging from 105 to 107 GeV and varying mB̃ and µ. We have reported as well the curves
of correct DM relic density for m3/2 = 1 GeV. The shaded regions, with color code according
the value of m0 considered, represent the regions outside the validity of our treatment, namely
xd < xf.o.. We thus notice that the simple picture here depicted enforces a very strong hierarchy
between the masses of the gauginos and the scales, m0 and µ. This kind of hierarchy, as we will
see, is rather challenging to achieve from the theoretical point of view.

In conclusion of this section we finally verify the impact on some other relevant experimental
observables. The first is the lifetime of the gravitino. In our scenario it decays into three quarks
with a rate:

Γ3/2 = Nc
λ2

6144π3

m7
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with Nc being the number of channels. The associated lifetime is:
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Figure 2: Contour Ω∆B = 0.01 in the plane (mB̃ ,m0). Dashed black lines represent the
WMAP/Planck value of the DM relic density for the values of the gravitino mass reported in
the plot and taking mg̃ = 900 GeV and mW̃ = 1 TeV. Brown lines represent the DM relic den-
sity assuming instead mW̃ = 2mB̃ . In the yellow regions we that the time scale of decay of the
bino is comparable or lower than the one of annihilations and then we are outside the validity
of the assumptions done for our computations. In analogous way we won’t consider the blue
regions, in which the Bino decouple while still relativistic. In the violet region the Bino decays
after the EW phase transition. In this case the setup with mW̃ < mB̃ should be further veri-
fied since the mixing between gauginos may induce dangerous annihilation and decay channels.
As the value of the Bino mass increases FIMP mechanism most likely dominates the gravitino
relic density as evidenced by the fact the the relic density is not anymore sensitive to m0. The
left and right panel differ from the value chosen for λ, reported in the plot. In both cases we
have assumed µ = 103/2 m0.

remaining scales in fig. (3).
We have reported in the plot the regions of 0.01 ≤ Ω∆B ≤ 0.04 associated to four values of

m0 ranging from 105 to 107 GeV and varying mB̃ and µ. We have reported as well the curves
of correct DM relic density for m3/2 = 1 GeV. The shaded regions, with color code according
the value of m0 considered, represent the regions outside the validity of our treatment, namely
xd < xf.o.. We thus notice that the simple picture here depicted enforces a very strong hierarchy
between the masses of the gauginos and the scales, m0 and µ. This kind of hierarchy, as we will
see, is rather challenging to achieve from the theoretical point of view.

In conclusion of this section we finally verify the impact on some other relevant experimental
observables. The first is the lifetime of the gravitino. In our scenario it decays into three quarks
with a rate:
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with Nc being the number of channels. The associated lifetime is:
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The decay rate of the gravitino is highly suppressed by the scalar mass scales and is 
many orders of magnitude below the current and next future experimental 
capabilities.

The spectrum is beyond the LHC reach apart from the lightest gauginos.

Gluino NLSP
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Figure 3: Regions of the correct baryon asymmetry with respect to mB̃ and µ for the values of

m0 reported in the plot. The dashed lines represent the values of the DM relic density for the

considered values of m0 and for m3/2 = 1 GeV.

which results extremely far from the capability of detection of current and next future experi-

ments.

In the scenario we are considering there is a gluino NLSP which can lie within the reach of

detection from LHC. We can then estimate its decay length in order to infer the potential LHC

phenomenology. The dominant decay channel is, also in this case, the RPV one with a rate:

Γg̃ =
αsλ2

256π2
Nc

m5
g̃

m4
0

(25)

The associated decay length is:

cτg̃ ≈ 14.1

Nc
cm
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1TeV

�−5
(26)

3 Second scenario
We want to consider an alternative framework in which the CP violating phases are encoded in

the RPV parameter λ and the asymmetry is generated through the loop diagram induced by only

RPV couplings, without the need of the presence of a lighter gaugino with respect to the Bino.

This scenario has the advantage of being more manageable from the theoretical point of view

and do not suffer from possible issues of keeping light gauginos (like e.g. collider limits in the

case of the gluino). Moreover all the elements needed to the creation of the baryon asymmetry

are encoded in the RPV coupling λ’s. The price to pay is the fact that we likely need higher

values of the coupling λ making more troublesome the matching between the baryon and DM

relic densities.

Regarding the computation, the only difference with respect to the previous section, is in the

8

The gluino is rather long lived, we expect displaced vertices of a detector stable 
particle.
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Summary and Outlook

Common production from decay is an intriguing possibility 
for connecting the DM and baryogenesis puzzle.

We have presented a simple realization.

Future prospects

Look for further realizations.

Implementation of a proper numerical approach.
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