
GRAVITINO DARK MATTER IN
 TREE LEVEL GAUGE MEDIATION

based on:
G. Arcadi, L. Di Luzio and M. Nardecchia

JHEP 1112:040,2011

Invisibles Pre-Meeting Madrid March 29th 2012

martedì 27 marzo 2012



Plan of the talk

Giorgio Arcadi                                                                                                                         Invisibles Pre-Meeting Madrid March 29th

1. Tree Level Gauge Mediation

2. Gravitino DM with R-parity conserved

3. Gravitino DM with R-parity violated

4. An R-parity violating SO(10) model

5. Cosmological analysis

martedì 27 marzo 2012
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WIMP DM (ONLY RPC)             Lightest neutralino
Pro:
- “ Wimp miracle”, a very elegant mechanism for generation of the DM relic density only 
dependent on IR physics;
- Higly testable scenario, (direct/indirect detection, colliders)

Con:
- Very difficult to achieve the correct relic density

NON WIMP DM (BOTH RPC AND RPV)                  Gravitino
RPC case
Pro:
- Sensitivity of the relic density to the DM mass, itself connected to the SUSY breaking 
mechanism;

Con:
- Relic density may depend on UV physics (related to the reheating temperature)
- More difficult detection
-Tension with BBN for high gravitino masses.
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GRAVITINO DM WITH RPV

Giorgio Arcadi                                                                                                                         Invisibles Pre-Meeting Madrid March 29th

- RPV not forbidden a priory from theoretical/phenomenological point of view
- Possible explanation for negative LHC searches
- Other interesting features, e.g. generation of neutrino masses 

Why RPV:

Gravitino DM with RPV: 

- BBN bounds evaded for higher gravitino masses 
- Connection with thermal leptogenesis
- Possibility of DM detection through its decays
- Additional constraints: proton decay, several astrophysical and cosmological 
bounds.
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depending on the two parameters F and M . In this case the gravitino is always the LSP

with a mass ranging from O(eV) to O(GeV).

In this paper we investigate the cosmology of the alternative scenario given by TGM.

In such a case the chiral superfield Z is a SM singlet with charge XZ under U(1)X , which

is an extra abelian gauge symmetry broken at the scale MX . The MSSM superfields Q

carry a non trivial charge XQ under U(1)X . Integrating out the heavy vector superfield

VX related to the U(1)X factor, soft masses are induced through the F-term 〈Z〉 = Fθ2

Z†

Z

VX

Q†

Q

Figure 1: TGM super-graph generating the bilinear soft masses.

and read

(m̃2
Q)tree = g2XXQXZ

F 2

M2
X

, (1.2)

where gX is the gauge coupling relative to U(1)X .

The gravitino mass is then related to msoft by the simple relation

m3/2 ∼ msoft
MX

MP
. (1.3)

It is natural to embed the the enlarged GSM ⊗ U(1)X group into a rank-5 Grand Unified

Theory (GUT) such as SO(10). Hence we assume that the SUSY breaking is communicated

at the SO(10) → GSM breaking scale MG ∼ 1016 GeV. We note a few interesting features

of this model:

• the sfermions masses are flavour universal as in (loop) gauge mediation, thus solving

the supersymmetric flavour problem.

• from Eq. (1.2) we can see that the ratios among the soft masses (m̃2
Q)tree depend just

on the choice of the U(1)X charges, making the model predictive and testable at the

LHC.

• given MX = MG, Eq. (1.3) implies that the gravitino mass is of the order of 10 GeV1.

The outline of the paper is the following: in the next section we present the most relevant

features of TGM and set the framework for the cosmological analysis. In the presence of

exact R-parity the outcome is that for a typical TGM spectrum the DM relic density is

overabundant and the decay of he NLSP is in tension with the BBN constraints. On the

1Such value for the gravitino mass is not typically accessible in standard (loop) gauge mediation. On

the other hand LSP gravitinos of O(10 GeV) are also achievable in scenarios like gaugino mediated SUSY

breaking [4, 5].
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Susy is spontaneously broken by the F-term v.e.v of a SM singlet chiral superfield Z.
Susy breaking is directly communicated at tree level by gauge interactions associated to 
an extra U(1) symmetry.
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Natural embedding into a rank-5 Grand Unified 
theory.

The sfermion mass terms are flavor Universal 
also for mediation scale coinciding with GUT 
scale.

Ratios among sfermion masses, up to radiative 
corrections, fixed by charges under the 
additional gauge symmetries.
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FIG. 14: Behaviour of Ωh2 and σSI for the points satisfying all the constraints.

tχ and bWχ. Furthermore the low values of µ allow for the presence of an additional neutralino and a chargino
enriching again collider phenomenology. The SI cross section are now very close to the XENON100 sensitivity.

• sizable higgsino fraction with gluino lower than third generation sfermions. The scenario coincides, for what
regards the SI cross section and the relic density, coincides with the one depicted in the previous point. However
we have dominant gluino production at colliders. The analysis of the signal in this case coincides with the one
applied in the point 4 of this list.
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SO(10) theory
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other hand a small amount of R-Parity Violation (RPV) can easily restore the agreement

with the BBN and, at the same time, reduces the amount of gravitinos produced by the

NLSP decay. Hence we study how RPV can be obtained in the context of an SO(10) model

of TGM and we show that the GUT structure of the theory motivates the restriction

to bilinear RPV. We finally analyze the cosmology of such a scenario and identify the

phenomenologically viable regions of the parameter space.

2 SO(10) Tree Level Gauge Mediation

As already mentioned in the introduction we are going to analyze the SO(10) TGM model

presented in [1]. We provide here a brief overview of the main features of the low-energy

TGM spectrum.

The U(1)X gauge group responsible for the TGM mechanism is identified with the

abelian factor external to SU(5) in the embedding SU(5) ⊗ U(1)X ⊃ SO(10). After the

one-step breaking SO(10) → GSM at the scale MG, all the effects of TGM and the GUT

physics are encoded in the MSSM boundary conditions at the GUT scale.

The ratios among the tree level soft masses (m̃2
Q)tree depend only on the embedding of

the MSSM chiral superfield Q into the SO(10) representations. It is useful to consider the

decomposition of the 10 and 16 of SO(10) with respect to the subgroup SU(5) ⊗ U(1)X ,

namely

16 = 101 ⊕ 5−3 ⊕ 15 , 10 = 5−2 ⊕ 52 , (2.1)

while the decomposition of the 16 follows from that of the 16. In order to avoid negative

soft terms contributions (cf. Eq. (1.2)), all the MSSM matter superfields (q, uc, ec, dc, !)

must have same sign under U(1)X . This condition is fulfilled if

q ⊕ uc ⊕ ec = 101 ⊂ 16 , dc ⊕ ! = 52 ⊂ 10 . (2.2)

The MSSM Higgses are embedded in linear combinations of 10, 16 and 16. According to

this discussion the TGM contribution to the bilinear soft masses is

(m̃2
Q)tree =



















2 m̃2
10 Q = dc, !

m̃2
10 Q = q, uc, ec

−2 m̃2
10 < (m̃2

hu
)tree < 3 m̃2

10

−3 m̃2
10 < (m̃2

hd
)tree < 2 m̃2

10

, (2.3)

where m̃2
10 is a universal mass parameter.

Gaugino masses are generated at the one-loop level as in standard gauge mediation.

We call M1/2 the common gaugino mass at MG
2.

The mechanism responsible for gaugino masses unavoidably generates a two-loop level

contribution to the sfermion masses. The final expression at the GUT scale is given by

m̃2
Q = (m̃2

Q)tree + 2 ηCQM
2
1/2 , (2.4)

2We are not taking into account here the effect of having a hierarchical messenger spectrum, an analysis

of this scenario will be presented in Ref. [6].
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that is

m̃10 ! 3.1M1/2 , (A.18)

for η = 1. From this relation it is evident that the NLSP is always the lightest gaugino if

TGM is the dominant mechanism generating sfermion masses.

Given M1/2 ! 0.4M3 from Eq. (A.11) and taking M3 ≈ mg̃, we arrive to the relation

m̃10 ! 1.2mg̃ , (A.19)

that, if substituted into Eqs. (A.12)–(A.16), yields the following bounds on the sfermion

masses as functions of the gluino mass mg̃:

m̃q > 1.2TeV
( mg̃

700GeV

)

, (A.20)

m̃uc > 1.2TeV
( mg̃

700GeV

)

, (A.21)

m̃ec > 1.0TeV
( mg̃

700GeV

)

, (A.22)

m̃dc > 1.4TeV
( mg̃

700GeV

)

, (A.23)

m̃! > 1.3TeV
( mg̃

700GeV

)

. (A.24)

B Details of the SO(10) model

In this Appendix we give the details of the SO(10) model presented in Sect. 4.1. For later

convenience let us set the following notation for the SM components of the SO(10) fields

relevant for the Yukawa sector

16F = (Dc ⊕ L)5−3
⊕ (uc ⊕ q ⊕ ec)10+1 ⊕ (νc)1+5 (B.1)

10F = (D ⊕ Lc)5−2 ⊕ (dc ⊕ #)5+2
(B.2)

16H = (T 16
d ⊕ h16d )5−3

⊕ (. . .)10+1 ⊕ (. . .)1+5 (B.3)

16H = (T 16
u ⊕ h16u )5+3 ⊕ (. . .)10−1

⊕ (. . .)1−5 (B.4)

10H = (T 10
u ⊕ h10u )5−2 ⊕ (T 10

d ⊕ h10d )5+2
(B.5)

where a self-explanatory SM notation is employed and the outer subscripts label the

SU(5) ⊗ U(1)X origin. The SU(2)L doublets decompose as q = (u ⊕ d), # = (ν ⊕ e),

L = (N ⊕ E), Lc = (Ec ⊕N c), hu = (h+u ⊕ h0u) and hd = (h0d ⊕ h−d ).

B.1 Symmetry breaking and doublet-triplet splitting

The set of Higgs fields 54H ⊕ 45H ⊕ 16H ⊕ 16H is sufficient in order to achieve a renormal-

izable12 breaking of SO(10) down to the SM (see e.g. Ref. [52] for the study of the vacuum

12With only 45H ⊕ 16H ⊕ 16H at play the requirement of a supersymmetric vacuum at the GUT scale

is such that the little group is SU(5) [48–50]. In order to reach the SM gauge group one can either relax

renormalizability [49] or add a 54H [48, 50]. Since the first option introduces a delicate interplay between

the GUT and the Planck scale which may be an issue for unification and proton decay (see e.g. Ref. [51]),

we choose the second option.

– 19 –

The (usual) embedding of chiral MSSM superfields in the 16 does not work. 10 and 16 
representations are needed.

where cd = cos θd, sd = sin θd and 0 < θd < π/2 parametrizes the mixing in the down Higgs
sector2. We have checked that it is possible to generate such vevs, break SU(5) to the SM,
achieve doublet-triplet splitting and Higgs mixing as above, and give mass to all the extra fields
with an appropriate superpotential Wvev involving additional SO(10) representations.

At this point we are in the condition of calculating the sfermion masses induced by integrating
out the heavy vector fields:

m̃2
Q =

XQ

2XN
m2, m ≡

F

M
. (5)

In the normalization we use for X, XN = 5. In order to determine the X charge of the SM
fermions we need to specify their embedding in the matter fields 16i + 10i. We do that by first
writing the most general R-parity conserving superpotential, except a possible mass term for the
10i, as

W =
yij

2
16i16j10 + hij16i10j16 + h′

ij16i10j16
′ + Wvev + WNR, (6)

where Wvev = Wvev(16, 16, 10, . . .) does not involve the matter fields and takes care of the vevs,
the doublet triplet splitting, and the Higgs mixing, and WNR contains non-renormalizable contri-
butions to the superpotential needed in order to account for the measured ratios of down quark
and charged lepton masses (we will ignore such issue here).

We can now see that the vev of the 16 gives rise to the mass term hijM 5̄16
i 510

j , which makes

the 5̄16
i and 510

j heavy. Only the MSSM superfield content survives at the electroweak scale
(assuming the three singlets in the 16i get mass e.g. from non-renormalizable interactions with
the 16). Moreover, the three MSSM families turn out to be embedded in the three 1016

i , with
X = 1 and in the three 5̄10

i , with X = 2. We can then go back to eq. (5) and obtain

m̃2
q = m̃2

uc = m̃2
ec = m̃2

10 =
1

10
m2, m̃2

l = m̃2
dc = m̃2

5̄ =
1

5
m2 (7)

m2
hu

= −
1

5
m2, m2

hd
=

2c2
d − 3s2

d

10
m2 (8)

at the GUT scale. The result in eq. (7) is quite general, as it only depends on the choice of the
gauge group and on the embedding of the three MSSM families in the 1016

i + 5̄10
i . We note a few

interesting features of this result.

• All the sfermion masses turn out to be positive. This is because the negative X charges
(which must be there as X is traceless) happen to be associated to the fields that get an
heavy supersymmetric mass.

• The sfermions masses are flavour universal, thus solving the supersymmetric flavour prob-
lem.

• The sfermions masses belonging to the 10 and 5̄ of SU(5) are related by

m̃2
q,uc,ec =

1

2
m̃2

l,dc (9)

2The most general viable Higgs embedding in this minimal model is described by the three parameters deter-
mining the up Higgs component in the 10 and the down Higgs component in the 10 and in the 16.

4

“Pure embedding”

at the GUT scale, a peculiar prediction that allows to distinguish this model from mSugra,
gauge mediation, and other models of supersymmetry breaking.

Note also that the up Higgs squared mass is negative to start with, whereas m2
hd

is positive

for sd <
√

2/5. The negative value of the up Higgs squared mass means that the electroweak
symmetry is broken at the tree level and the usual radiative breaking mechanism is not needed. In
the presence of negative Higgs squared masses at the GUT scale, there is the potential risk that the
Higgs potential develops a deep minimum along its flat direction tan β = 1, if m2

hu
+m2

hd
+2|µ|2 <

2|Bµ| at the GUT scale or below. Of course, a negative value of m2
hu

(and/or m2
hd

) does not
necessarily mean that the above condition is satisfied. Moreover, in most of the parameter space,
the presence of a local electroweak symmetry breaking minimum at low energy (which requires
m2

hu
+ m2

hd
+ 2|µ|2 > 2|Bµ| around the weak scale) guarantees that no deeper minima develop at

higher scales.
In passing, the SM fermion masses are given (at the renormalizable level and before running

the Yukawas to low energy), by

mU
ij = yijvu mE

ij = sin θdhijvd mD
ij = sin θdh

T
ijvd. (10)

Despite the SO(10) structure, the up quark matrix is not correlated to the down quark and
charged lepton masses, which allows to accommodate the stronger mass hierarchy observed in
the up quark sector. Notice that the heavy 5̄16

i and 510
j mass matrix, hijM , turns out to be

proportional to the charged lepton mass matrix, up to non-renormalizable corrections from WNR.
In the context of type-II see-saw, this can lead to a predictive model of leptogenesis [9].

Let us now consider gaugino masses. While the tree-level prediction for the sfermion masses,
eq. (7), only depends on the choice of the unified gauge group and the MSSM embedding, gaugino
masses arise at one loop, as in standard gauge mediation, and depend on the superpotential
parameters. The chiral multiplets 5̄16

i and 510
j get an heavy supersymmetric mass hijM and their

scalar components get a supersymmetry breaking mass h′
ijF . They play the role of three pairs

of chiral messengers in standard gauge mediation and give rise to one loop gaugino masses. The
contribution of each messenger arises at a different scale. In the one loop approximation for the
RGE running, the total gaugino masses at lower scales can be calculated by running effective
GUT-scale gaugino masses given by

Ma =
α

4π
Tr(h′h−1)m ≡ M1/2, a = 1, 2, 3, (11)

where α is the unified coupling. A possible contribution from loops involving the heavy vectors
vanishes (at the F/M level) in this simple model. The sfermion masses also get the usual two-loop
contributions.

Let us compare gaugino and sfermion masses. Particularly interesting is the ratio m̃t/M2.
In fact, the W -ino mass M2 is at present bounded to be heavier than about 100GeV, while m̃t

enters the radiative corrections to the Higgs mass. Therefore, the ratio m̃t/M2 should not be too
large in order not to increase the fine-tuning and not to push the stops and the other sfermions
out of the LHC reach. From

M2

m̃t

∣

∣

∣

∣

MGUT

=
3
√

10

(4π)2
λ, λ =

g2 Tr(h′h−1)

3
(12)
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Heavy additional states

Nardecchia, Romanino, Ziegler; JHEP(2009)
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the Yukawas to low energy), by

mU
ij = yijvu mE

ij = sin θdhijvd mD
ij = sin θdh

T
ijvd. (10)

Despite the SO(10) structure, the up quark matrix is not correlated to the down quark and
charged lepton masses, which allows to accommodate the stronger mass hierarchy observed in
the up quark sector. Notice that the heavy 5̄16

i and 510
j mass matrix, hijM , turns out to be

proportional to the charged lepton mass matrix, up to non-renormalizable corrections from WNR.
In the context of type-II see-saw, this can lead to a predictive model of leptogenesis [9].

Let us now consider gaugino masses. While the tree-level prediction for the sfermion masses,
eq. (7), only depends on the choice of the unified gauge group and the MSSM embedding, gaugino
masses arise at one loop, as in standard gauge mediation, and depend on the superpotential
parameters. The chiral multiplets 5̄16

i and 510
j get an heavy supersymmetric mass hijM and their

scalar components get a supersymmetry breaking mass h′
ijF . They play the role of three pairs

of chiral messengers in standard gauge mediation and give rise to one loop gaugino masses. The
contribution of each messenger arises at a different scale. In the one loop approximation for the
RGE running, the total gaugino masses at lower scales can be calculated by running effective
GUT-scale gaugino masses given by

Ma =
α

4π
Tr(h′h−1)m ≡ M1/2, a = 1, 2, 3, (11)

where α is the unified coupling. A possible contribution from loops involving the heavy vectors
vanishes (at the F/M level) in this simple model. The sfermion masses also get the usual two-loop
contributions.

Let us compare gaugino and sfermion masses. Particularly interesting is the ratio m̃t/M2.
In fact, the W -ino mass M2 is at present bounded to be heavier than about 100GeV, while m̃t

enters the radiative corrections to the Higgs mass. Therefore, the ratio m̃t/M2 should not be too
large in order not to increase the fine-tuning and not to push the stops and the other sfermions
out of the LHC reach. From

M2

m̃t

∣

∣

∣

∣

MGUT

=
3
√

10

(4π)2
λ, λ =

g2 Tr(h′h−1)

3
(12)
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The fields in the same representation 
have the same charge under U(1)
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other hand a small amount of R-Parity Violation (RPV) can easily restore the agreement

with the BBN and, at the same time, reduces the amount of gravitinos produced by the

NLSP decay. Hence we study how RPV can be obtained in the context of an SO(10) model

of TGM and we show that the GUT structure of the theory motivates the restriction

to bilinear RPV. We finally analyze the cosmology of such a scenario and identify the

phenomenologically viable regions of the parameter space.

2 SO(10) Tree Level Gauge Mediation

As already mentioned in the introduction we are going to analyze the SO(10) TGM model

presented in [1]. We provide here a brief overview of the main features of the low-energy

TGM spectrum.

The U(1)X gauge group responsible for the TGM mechanism is identified with the

abelian factor external to SU(5) in the embedding SU(5) ⊗ U(1)X ⊃ SO(10). After the

one-step breaking SO(10) → GSM at the scale MG, all the effects of TGM and the GUT

physics are encoded in the MSSM boundary conditions at the GUT scale.

The ratios among the tree level soft masses (m̃2
Q)tree depend only on the embedding of

the MSSM chiral superfield Q into the SO(10) representations. It is useful to consider the

decomposition of the 10 and 16 of SO(10) with respect to the subgroup SU(5) ⊗ U(1)X ,

namely

16 = 101 ⊕ 5−3 ⊕ 15 , 10 = 5−2 ⊕ 52 , (2.1)

while the decomposition of the 16 follows from that of the 16. In order to avoid negative

soft terms contributions (cf. Eq. (1.2)), all the MSSM matter superfields (q, uc, ec, dc, !)

must have same sign under U(1)X . This condition is fulfilled if

q ⊕ uc ⊕ ec = 101 ⊂ 16 , dc ⊕ ! = 52 ⊂ 10 . (2.2)

The MSSM Higgses are embedded in linear combinations of 10, 16 and 16. According to

this discussion the TGM contribution to the bilinear soft masses is

(m̃2
Q)tree =



















2 m̃2
10 Q = dc, !

m̃2
10 Q = q, uc, ec

−2 m̃2
10 < (m̃2

hu
)tree < 3 m̃2

10

−3 m̃2
10 < (m̃2

hd
)tree < 2 m̃2

10

, (2.3)

where m̃2
10 is a universal mass parameter.

Gaugino masses are generated at the one-loop level as in standard gauge mediation.

We call M1/2 the common gaugino mass at MG
2.

The mechanism responsible for gaugino masses unavoidably generates a two-loop level

contribution to the sfermion masses. The final expression at the GUT scale is given by

m̃2
Q = (m̃2

Q)tree + 2 ηCQM
2
1/2 , (2.4)

2We are not taking into account here the effect of having a hierarchical messenger spectrum, an analysis

of this scenario will be presented in Ref. [6].

– 3 –

where CQ is the total SM quadratic Casimir

Q q uc dc ! ec hu hd
CQ 21/10 8/5 7/5 9/10 3/5 9/10 9/10

. (2.5)

The parameter η > 0 gives the relations between the two-loop contribution to the sfermion

masses and that to the gaugino masses squared3. The precise value of η depends on the

details of the messenger sector. For instance in standard (loop) gauge mediation with one

messenger chiral superfield this parameter is precisely η = 1/n, where n is the Dynkin

index of the vector-like pair of messengers. In most of our analysis we will set η = 1.

In order to clearly discriminate TGM as the mechanism responsible for the soft scalar

masses we will focus the attention on the regions of the parameter space where the values

of m̃10 and M1/2 are such that TGM is responsible for the leading contribution to the

sfermion masses. We define the dominance of TGM by requiring that TGM contributes to

the low energy value of each sfermion mass by an amount of at least 50%. Including also

the running effects (cf. Appendix A for further details) this translates into the condition

m̃10 ! (5.2 + 4.2 η)1/2 M1/2 , (2.6)

which, for η = 1, reduces to m̃10 ! 3.1M1/2.

On top of m̃10 and M1/2 the other MSSM parameters relevant at low-energy are tan β,

µ, Bµ and the A-terms. Relating the µ-term to SUSY breaking is a model-dependent

issue4. Here we will just fix µ and Bµ in such a way that they satisfy the electroweak

symmetry breaking conditions. In addition we assume µ > 0. The A-terms are set to zero

at the GUT scale. In general, since they do not arise at the tree level, they are expected

to be smaller than the bilinear soft masses.

In the case in which SUSY is broken only by the F-term responsible for sfermion

masses, the gravitino mass is directly related to m̃10 by the relation [1]

m3/2 ≈ 15GeV

(

m̃10

1 TeV

)

. (2.7)

We stress again, due its cosmological relevance, that the magnitude of the gravitino mass

is a peculiar prediction of TGM and its embedding into a GUT.

Let us close this section with a couple of comments regarding the spectrum. The

first one is about the nature of the NLSP, being a cosmologically relevant issue. It turns

out that in most of the parameter space the NLSP is a Bino-like neutralino. This is

easily understood because, according to Eq. (2.6), scalars are expected to be heavier than

gauginos. Moreover, the running of gaugino masses (cf. Eq. (A.1)) is such that M1 < M2.

The second comment regards the viability of the model in the light of the recent LHC

exclusion limits [8]. The condition in Eq. (2.6) can be translated (cf. Eqs. (A.20)–(A.21)

3In the notation of [7] this parameter can be identified with the ratio η = Λ2
S/Λ

2
G.

4We just mention that TGM offers a new solution for the µ-problem, where the µ is also responsible for

triggering the SUSY breaking [2].
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in Appendix A) in terms of the values of the physical stop mass m̃t and the gluino one mg̃,

yielding

m̃t ! 1.2 TeV
( mg̃

700 GeV

)

, (2.8)

which shows that a sizable part of the parameters space is still viable and testable at the

LHC.

3 Gravitino Dark Matter with R-parity

In this section we investigate the cosmological aspects of TGM in the R-parity conserving

case. The cosmology is deeply influenced by the behavior of the NLSP. Indeed, due to the

presence of R-parity, it affects the DM relic density by decaying into gravitinos. Being the

rate of such a decay Planck-suppressed, gravitinos will be produced after the freeze-out of

the NLSP and potentially also after the onset of the BBN. We then refer to these gravitinos

as non-thermal and their abundance is given by

ΩNT
3/2h

2 =
m3/2

mNLSP
ΩNLSP h2 ! 3× 10−2 m̃10

M1/2
ΩNLSP h2 , (3.1)

where ΩNLSP is the expected NLSP relic density as if it were stable.

ΩNT
3/2 has to be added to the abundance ΩT

DM of gravitinos produced by thermal pro-

cesses in the early Universe, in order to match the WMAP-7 value ΩDMh2 = 0.1123 ±
0.0035 [9]. The thermal component can be computed once the rates of the relevant pro-

cesses are known as a function of the MSSM parameters (see e.g. [10]) and it depends

on the reheating temperature TRH , i.e. the temperature which sets the beginning of the

radiation domination era.

The non-thermal component for the model in consideration is obtained by means of

the scaling formula in Eq. (3.1) with ΩNLSP computed through the numerical code DARK-

SUSY [11]. The results are reported in the left panel of Fig. 2. The outcome is that the

scenarios in which TGM is the dominant mechanism for the generation of sfermion masses

(cf. the region in Fig. 2 above the blue line) are characterized by an overabundance of

non-thermal gravitinos.

This behaviour can be easily understood from the fact that Binos annihilate mainly

into fermion pairs with a p-wave suppressed cross-section ∝ m2
χ0
1
/m̃4

Q, where mχ0
1
is the

lightest neutralino mass. In such a case the NLSP relic density can be estimated by

ΩNLSP h2 ≈ 0.02 × 103
( mχ0

1

150GeV

)−2( m̃Q

1TeV

)4

. (3.2)

Combining this result with Eq. (3.1) it is evident that the cosmological value of the DM

relic density is largely overcome for m̃10 > M1/2, as predicted by TGM.

The decay of the NLSP is also responsible for another important cosmological issue.

Indeed the gravitino injection is accompanied with the production of SM particles which

can trigger either electromagnetic or hadronic showers. In turn these may upset the BBN

calculations of the light-element abundances. As shown in the right panel of Fig. 2 the
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In principle Susy breaking is mediated both and tree and at the loop level.

TGM dominates if:

The gravitino mass is always related to the tree level 
contribution.

The NLSP is the lightest gaugino 

we see first of all that the loop factor separating m̃t and M2 is partially compensated by a
combination of numerical factors: (4π)2 ∼ 100 (leading to m̃t ! 10TeV for λ = 1) becomes
(4π)2/(3

√
10) ∼ 10 (leading to m̃t ! 1TeV for λ = 1). Note that the factor

√
10 is related to the

ratio of X charges in eq. (5) and the factor 3 corresponds to the number of families (Tr(h′h−1) = 3
for h = h′). A largish value of the factor λ can then further reduce the hierarchy and even make
M2 ∼ m̃t, if needed. Both O (1) and large values of λ are in fact not difficult to obtain depending
on the overall size and flavour structure of h and h′ (we remind that h is related to the down
quark Yukawa matrix and has a hierarchical structure, with two eigenvalues certainly small and
the third one, related to the bottom Yukawa, also allowed to be small, depending on θd and
tan β).

Reducing the hierarchy between gaugino and sfermion masses correspondingly reduces the
hierarchy between the two-loop contributions to sfermion masses from standard gauge mediation
and the tree level values in eq. (5). To quantify the relative importance of the two contributions,
let us consider the basis in the messenger flavour space in which the matrix h is diagonal and
positive, the limit in which h′ is also diagonal in that basis, and let us call hi, h′

i, i = 1, 2, 3
their eigenvalues. Neglecting the running between the GUT scale and the mass of the relevant
messengers3, the sfermion masses are given, at the high scale, by

m̃2
Q = (m̃2

Q)tree + 2 η cQM2
1/2, η =

∑

(h′
i/hi)2

(
∑

i h
′
i/hi)2

≥
1

3
, (13)

where (m̃2
Q)tree is the tree level value given in eqs. (7,8) and cQ is the total SM quadratic casimir

of the sfermion Q̃ (or Higgs Q):

Q qi uc
i dc

i li ec
i hu hd

cQ 21/10 8/5 7/5 9/10 3/5 9/10 9/10
. (14)

If the contribution of a single messenger dominates gaugino masses, η ≈ 1. In the numerical
example we will consider, the relative size of the two loop contribution to sfermion masses ranges
from 2% to 10%.

Additional, subleading contributions to sfermion masses can arise from different sources. One-
loop contributions from an induced U(1)X Fayet-Iliopoulos term [10] only arise if h′ is non-
diagonal in the basis where h is diagonal and |h′

ij | %= |h′
ji|. Moreover, they are suppressed (typically

negligible) because U(1)X is broken above the scale of the loop messengers. Another contribution
could come from gravity effects. Since in our scenario the messenger scale is expected to be
around the GUT scale, the gravity mediated contribution to the spectrum, although subleading,
could be relevant for flavour physics, as it could in principle be strongly flavour violating. In
order to quantify this effect, let us assume that the gravity contribution to an arbitrary entry of
the squared mass matrix of the sfermions in the 10 of SU(5) is given by m̃2

grav = F 2/M2
P, where

3The relevant messengers are the ones with the largest h′

i/hi. If the most relevant messenger is the third family
one, the effect of the running that we are neglecting is not too large. The third family messenger mass is in fact
given by h3M = mb/(v cos β sin θd)M (mb is the bottom mass, v = 174 GeV), not too far (in logarithmic scale)
from M ∼ MGUT. Still, we expect the messengers to be lighter enough than the GUT scale in such a way that
only the SM casimirs (and not the GUT ones) are relevant.
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Figure 2: Contours of the non-thermal component of the gravitino relic density (left

panel) and of the neutralino lifetime (right panel) in the plane (m̃10,M1/2), with the

other MSSM parameters fixed as explicitly said in the text. The black line represents the

non-thermal relic density fit of the WMAP-7 value. The blue line represents the relation

m̃10 = 3.1M1/2 which sets the TGM dominance.

lifetime of the neutralino is much bigger than the time of the onset of the BBN also for

moderate values of the ratio m̃10/M1/2.

We can easily understand this behaviour from the functional dependence of the decay

rates. A Bino LSP mainly decays either into a Z boson and a gravitino or into a photon

and a gravitino and the relevant rates can be expressed as [12]

Γ(χ0
1 → ZG̃) =

sin2 θW
48πM2

P

m5
χ0
1

m2
3/2

, Γ(χ0
1 → γ G̃) =

cos2 θW
48πM2

P

m5
χ0
1

m2
3/2

. (3.3)

In particular the NLSP can induce hadronic showers from the decay of the Z boson. These

have the deepest impact on the BBN and hence suffer from the most severe bounds. The

constraints are both on the lifetime and the abundance of the NLSP, and they basically

exclude all neutralinos with a lifetime greater than 10−2 s [13]. We conclude that is not

possible to obtain a viable cosmology in the TGM setup with R-parity conservation.

It is also evident that the BBN bounds, together with the issue of the overabundance

of gravitinos, can be evaded in the presence of some mechanism which suppresses the NLSP

abundance. In this paper we will consider the case of a small amount of R-parity violation5.

For completeness we mention that, by relaxing the condition Eq. (2.6), it is possible

to realize scenarios with a viable cosmology. Here we report two examples. The first one

5An alternative scenario could be the dilution of the NLSP abundance due to the entropy released by

the decay of some heavy state before the onset of BBN [14, 15].
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exclude all neutralinos with a lifetime greater than 10−2 s [13]. We conclude that is not

possible to obtain a viable cosmology in the TGM setup with R-parity conservation.

It is also evident that the BBN bounds, together with the issue of the overabundance

of gravitinos, can be evaded in the presence of some mechanism which suppresses the NLSP

abundance. In this paper we will consider the case of a small amount of R-parity violation5.

For completeness we mention that, by relaxing the condition Eq. (2.6), it is possible

to realize scenarios with a viable cosmology. Here we report two examples. The first one

5An alternative scenario could be the dilution of the NLSP abundance due to the entropy released by

the decay of some heavy state before the onset of BBN [14, 15].
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m̃10 = 3.1M1/2 which sets the TGM dominance.

lifetime of the neutralino is much bigger than the time of the onset of the BBN also for

moderate values of the ratio m̃10/M1/2.

We can easily understand this behaviour from the functional dependence of the decay

rates. A Bino LSP mainly decays either into a Z boson and a gravitino or into a photon

and a gravitino and the relevant rates can be expressed as [12]
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exclude all neutralinos with a lifetime greater than 10−2 s [13]. We conclude that is not

possible to obtain a viable cosmology in the TGM setup with R-parity conservation.

It is also evident that the BBN bounds, together with the issue of the overabundance

of gravitinos, can be evaded in the presence of some mechanism which suppresses the NLSP

abundance. In this paper we will consider the case of a small amount of R-parity violation5.

For completeness we mention that, by relaxing the condition Eq. (2.6), it is possible

to realize scenarios with a viable cosmology. Here we report two examples. The first one
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Sizable contribution from gravitinos produced by 
NLSP decays.

Late time decays, because of the high gravitino mass should not affect BBN:

Severe tension with cosmological constraints.

neutrino masses besides its cosmological role10. Indeed the VEVs of the sneutrinos induce

a mixing between neutrinos and neutralinos leading to a contribution to neutrino masses

after integrating out the neutralinos [25]. The result is a rank-one matrix hence giving

mass to just one neutrino. Explicitly one finds [37]

mν3 = M2
Z ξ2cos2β

(

M1M2

M1c2W +M2s2W
−

M2
Z

µ
sin 2β

)−1

. (4.29)

The complete neutrino spectrum can be then reconstructed by including also the one-loop

contributions which depend on λ̂, λ̂′ and the soft parameters Bi (see for instance [38, 39]

for a detailed computation of neutrino masses at the one-loop level). Barring cancellations

in ξ the neutrino spectrum turns out to be hierarchical, hence we can impose the relation

mν3 "
√

∆m2
atm, thus implying

ξ " 1.5× 10−5

(

√

∆m2
atm

0.05 eV

)1/2
(

tan β

10

)(

M1/2

300 GeV

)1/2

. (4.30)

Additional constraints on the parameters ξi and εi can be imposed once other observables,

such as∆m2
sol and the mixing angles, are taken into account. As it is evident from Eq. (4.30)

the outcome of the analysis of cosmic ray bounds (ξ < 10−6) implies a suppression of

neutrino masses induced by RPV well below the experimental constraints. This result

is in agreement with the recent analysis of Ref. [40] which rules out bilinear RPV as

the mechanism responsible for neutrino masses for gravitinos heavier than 1 GeV. Such

low vales of the gravitino mass are not achievable if TGM is the dominant mechanism

originating sfermion masses (cf. Eq. (2.7)). In our model, neutrino masses have to be

generated by means of another mechanism (see Appendix B.2 for the discussion on neutrino

masses).

Gravitino relic density and thermal leptogenesis

At this point we turn to the relic density of DM. For the range 10−(10÷11) ! ξ ! 10−(7÷8)

the NLSP decays only into SM particles at a much faster rate with respect to the decay

into gravitinos. The branching ratio between the R-parity conserving decays (into SM

particles) and the R-parity violating ones (into SM particles and gravitinos),

BR(RPC/RPV ) ≈ 10−8

( mχ0
1

150 GeV

)4( m3/2

15 GeV

)−2
(

tan β

10

)2( ξ

10−10

)−2

, (4.31)

indicates that the DM relic density is completely determined by its thermal component.

This can be computed as a function of the reheating temperature TRH in thermal field

theory, according to the following analytic expression [41]

ΩT
DMh2 =

( m3/2

10 GeV

)

(

TRH

109 GeV

)

∑

r

y′r g
2
r (TRH ) (1 + δr)

(

1 +
M2

r (TRH)

2m2
3/2

)

ln

(

kr
gr(TRH)

)

, (4.32)

10In this respect it has been pointed out that the MSSM without R-parity could be a complete theory

of the low-energy phenomena including neutrino masses, and it could even fit the cosmic ray anomalies of

PAMELA and Fermi-LAT in terms of (decaying) gravitino DM [36].
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and

Γ(χ0
1 → γG̃) =

cos θW
2

48πM2
P

m5
χ0
1

m2
3/2

(3.4)

From these expressions we see that the NLSP decay can induce hadronic showers from the

decay of the Z boson. These are the ones which have the more deep impact on BBN and

then suffer the most severe bounds. These bounds are on the lifetime as well as on the

NLSP abundance and basically exclude all neutralinos with lifetime greater than 10−2 s

[13] .

The only possible way is provide by the presence of some mechanism responsible of

a suppression of the neutralino abundance hence limiting its impact on the BBN. One

of such mechanisms is the enhancement of the s-channel annihilation into a bottom pair

mediated by the CP-odd higgs, typically occuring at high values of tanβ, which is the

particularly strong in the region close to mA ∼ 2mχ where the annihilation cross section

might eventually become resonant. This scenario, as visible from fig.Fig. 3, can be realized

only if one deviates sensitively from the relation Eq. (2.5) and then we still refer TGM as

cosmologically disfavoured.
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Figure 3: Left panel: WMAP-7 value, within 1-σ devation, of the DM relic density (red

lines) for few values of the reheating temperature reported on the plot. The black lines

represent the WMAP value of the relic density in the case this is completely determined

by the non-thermal contribution. Blue dot-dashed lines are the contours of the NLSP

lifetime. Right panels: Points of the left plot which give a non thermal gravitino relic

density lower (red points) or within 1-sigma (green points) the WMAP-7 expectations.

The blue and the violet line represent, respectively, the BBN bound for a 100 GeV and 1

TeV decaying particle.

For definiteness we want to mention that by relaxing the condition Eq. (2.5) it is also

possible to realize scenarios with stau NLSP. These are obtained at high values of tanβ
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is given by the enhancement of the s-channel annihilation of neutralinos into a bottom

pair mediated by the CP-odd Higgs, typically occuring at high values of tan β. This

enhancement is particularly strong in the region mA ∼ 2mχ, where the annihilation cross

section can also become resonant. As shown in Fig. 3, this scenario is realized only if one

deviates sensibly from the relation Eq. (2.6) and hence in a region where standard (loop)

gauge mediation is the dominant mechanism for the sfermion mass generation.
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Figure 3: Left panel: WMAP-7 value of the non thermal contribution to the DM relic

density, within a 1-σ deviation. Blue dot-dashed lines represent the contours of the

NLSP lifetime. Right panel: points of the left panel plot which give a non-thermal grav-

itino relic density lower (red points) or within 1-σ (green points) with respect to the

WMAP-7 expectations. The blue and the violet lines represent, respectively, the BBN

bound for a 100 GeV and 1 TeV decaying particle [13, 16].

The second example is the case in which the NLSP is a stau. This is possible for high

values of tan β and η < 1. In this case the negative Yukawa corrections to the third family

sfermions, originating at high tan β, can drive the mass of the lightest stau below that of

the lightest neutralino. The stau mainly decays into a gravitino and a tau lepton with the

following rate [12]

Γ
(

τ̃ → τ G̃
)

=
1

48πM2
P

m5
τ̃

m2
3/2

, (3.4)

without producing hadronic showers. In this case the strongest BBN bounds are given by

the formation of bound states with Helium nuclei which can alter the primordial abundance

of Lithium. This process is referred as catalyzed BBN [17, 18] and implies an upper bound

of around 5× 103 s on the stau lifetime6. Given the rate Eq. (3.4) this translates into the

requirement of a stau mass greater than 200÷ 300 GeV.

6It should be mentioned that in settings with substantial left-right mixing of the stau mass eigenstates

the BBN bounds can be evaded even for higher lifetimes [19].
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SO(10) model ruled out by BBN 
where TGM is the main origin of 
sfermion masses.

Cosmological viability can be achieved where Tree-level mediation is subdominant respect to 
loop-level one.

(we thank J. Hasenkamp and J. Roberts for providing BBN bounds, see also, L. Covi, J. Hasenkamp, S. Pokorski, and J. Roberts, 
JHEP (2009) and referencees therein )
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Summary of RPC case:
NLSP (and hence gravitinos) are typically over produced and are too-much long-lived
Cosmological viability only in small regions in the parameter space where the NLSP 
abundance can be suppressed.
In none of this regions TGM is the dominant mechanism for sfermion mass generation.

Elegant solution in RPV:

NLSP lifetime can be shorter respect to the onset of BBN thanks to new decay channels 
allowed. 
NLSP mainly decays into only SM particles, no overproduction of gravitinos.

“Explicit” SO(10) RPV theory

+ Non-renormalizable term

Λ̃ijk does not contribute to the effective theory. On the other hand the phenomenological

viability of the model, within the minimal choice of representations at hand, requires the

presence of non-renormalizable operators (cf. again Appendix B). By relaxing renormaliz-

ability there is an additional source of R-parity violation given by the operator

Λ̃NR
ijk

MP
10iF 10

j
F 16

k
F

〈

16H
〉

⊃ λNR
ijk "i"je

c
k + λ′NR

ijk dci"jqk + λ′′NR
ijk dcid

c
ju

c
k , (4.8)

where

λNR
ijk =

1

2
λ′NR
ijk = λ′′NR

ijk =
Λ̃NR
ijk V 16

MP
≡ Λijk . (4.9)

Notice that the relation in Eq. (4.9) gives a correlation between the baryon (λ′′) and lepton

number (λ, λ′) violating couplings.

We should also mention that λ′′ receives an additional contribution when combining

the bilinear operators in Eq. (4.6) with the Yukawa ones. This is obtained by projecting

the Higgs fields on the heavy triplet components and integrating them out. This last

contribution, labeled λ′′
T , is shown explicitly in Eq. (B.29).

In the end the structure of the induced superpotential in the MSSM effective theory

is given by:

W eff
RPV = µi "ihu + λijk "i"je

c
k + λ′

ijk d
c
i"jqk + λ′′

ijk d
c
id

c
ju

c
k , (4.10)

where

λ = Λ , λ′ = 2Λ , λ′′ = Λ+ λ′′
T . (4.11)

The strongest constraints on the R-parity violating interactions are due to proton decay. In

particular this enforces severe bounds on the products of couplings λλ′′, λ′λ′′ (cf. e.g. [22]

for an exhaustive list). For kinematical reasons the most stringent ones apply to products

involving dominantly the first two light generation indices. For instance the process p →
π0e+ severely constrains the product

λ′
k11λ

′′
k11 ! 10−26

(

m̃

1 TeV

)2

, (4.12)

with k = 1, 2, 3 and m̃ being the sfermion mass scale. Though the extension of the analysis

at the one-loop level sets weaker bounds for the couplings relative to the second and third

generation [23], in our setup the structure of the trilinears is constrained by the GUT

symmetry which implies much stronger bounds with respect to the general case. The most

conservative bound on all the R-parity violating trilinear couplings in the presence of a

GUT relation such as that in Eq. (4.9) is given by [24]

Λ ! 10−10

(

m̃

1 TeV

)2

. (4.13)

Barring extremely accurate cancellations between the two unrelated components Λ and λT

in the expression for λ′′ (cf. Eq. (4.11)), the bound in Eq. (4.13) is automatically translated

onto λ and λ′.
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SO(10) broken at the renormalizable level by:
For definiteness let us focus on a supersymmetric SO(10) model featuring the follow-

ing minimal set of Higgs representations: 54H ⊕ 45H ⊕ 16H ⊕ 16H ⊕ 10H7. As shown

in Appendix B this field content is sufficient in order to break SO(10) down to the SM at

the renormalizable level (cf. Appendix B.1) and to give mass to the SM fermions (cf. Ap-

pendix B.2). As already mentioned the MSSM matter superfields span over three copies of

16F ⊕ 10F in such a way that they are embedded in the SU(5) representations 10 ⊃ 16F
and 5 ⊃ 10F (cf. Eq. (2.2)). The conditions to be fulfilled in order to obtain such a “pure”

embedding are detailed in Appendix B.2.

The superpotential can be schematically written as

W = WH +WY + δWRPV , (4.3)

where WH and WY are the Higgs and the Yukawa components

WH = (µ54 + η5445H + λ5454H ) 542H + µ4545
2
H + (µ10 + λ1054H) 102H

+ (µ16 + λ1645H) 16H16H + λ16−1016
2
H10H + λ16−1016

2
H10H , (4.4)

WY = Y ij
1016

i
F 16

j
F 10H + Y ij

1616
i
F 10

j
F 16H +

(

M ij
10 + ηij45H + λij54H

)

10iF 10
j
F , (4.5)

while δWRPV is the R-parity violating piece

δWRPV =
(

µ̃i
10 + η̃i1045H + λ̃i

1054H
)

10iF 10H +
(

µ̃i
16 + λ̃i

1645H
)

16iF 16H

+ ρ̃i16iF 16H10H + σ̃i10iF 16H16H + σ̃
i
10iF 16H16H + Λ̃ijk16iF 16

j
F 10

k
F . (4.6)

Notice that without M-parity the separation between the F and the H superfields is some-

how artificial. However, since we consider δWRPV as a perturbation, we can still retain WH

responsible for the symmetry breaking and WY for the (charged fermions) Yukawa sector.

On the other hand the situation about neutrino masses is subtler, being RPV potentially

responsible for sizable contributions to them. We will comment later on the generation of

neutrino masses in our model.

In Appendix B.3 we provide an existence proof of the R-parity violating operators in the

MSSM effective theory. In order to obtain the low-energy superpotential one has to project

the operators of Eq. (4.6) on the representations containing the MSSM fields. Here we just

report the results of this operation leaving most of the technical details in Appendix B.3.

Bilinear R-parity violation in the effective superpotential is induceded by operators

containing just one F superfield in Eq. (4.6), leading to

W eff
RPV ⊃ µi &ihu , (4.7)

where the expression of µi in terms of the original couplings is given in Eq. (B.25).

Notice that in the “pure” matter embedding of TGM only some of the operators have

projections on the MSSM fields. In particular the trilinear operator relative to the coupling

7To be complete one should also add a 16′H ⊕ 16
′

H representation which is responsible for the SUSY

breaking [1]. For simplicity we will carry on our analysis in the supersymmetric limit, assuming that the

conclusions regarding the gauge symmetry breaking and the fermion mass spectrum are only marginally

affected by the SUSY breaking sector.
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responsible for sizable contributions to them. We will comment later on the generation of

neutrino masses in our model.

In Appendix B.3 we provide an existence proof of the R-parity violating operators in the

MSSM effective theory. In order to obtain the low-energy superpotential one has to project

the operators of Eq. (4.6) on the representations containing the MSSM fields. Here we just

report the results of this operation leaving most of the technical details in Appendix B.3.

Bilinear R-parity violation in the effective superpotential is induceded by operators

containing just one F superfield in Eq. (4.6), leading to

W eff
RPV ⊃ µi &ihu , (4.7)

where the expression of µi in terms of the original couplings is given in Eq. (B.25).

Notice that in the “pure” matter embedding of TGM only some of the operators have

projections on the MSSM fields. In particular the trilinear operator relative to the coupling

7To be complete one should also add a 16′H ⊕ 16
′

H representation which is responsible for the SUSY

breaking [1]. For simplicity we will carry on our analysis in the supersymmetric limit, assuming that the

conclusions regarding the gauge symmetry breaking and the fermion mass spectrum are only marginally

affected by the SUSY breaking sector.
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that is

m̃10 ! 3.1M1/2 , (A.18)

for η = 1. From this relation it is evident that the NLSP is always the lightest gaugino if

TGM is the dominant mechanism generating sfermion masses.

Given M1/2 ! 0.4M3 from Eq. (A.11) and taking M3 ≈ mg̃, we arrive to the relation

m̃10 ! 1.2mg̃ , (A.19)

that, if substituted into Eqs. (A.12)–(A.16), yields the following bounds on the sfermion

masses as functions of the gluino mass mg̃:

m̃q > 1.2TeV
( mg̃

700GeV

)

, (A.20)

m̃uc > 1.2TeV
( mg̃

700GeV

)

, (A.21)

m̃ec > 1.0TeV
( mg̃

700GeV

)

, (A.22)

m̃dc > 1.4TeV
( mg̃

700GeV

)

, (A.23)

m̃! > 1.3TeV
( mg̃

700GeV

)

. (A.24)

B Details of the SO(10) model

In this Appendix we give the details of the SO(10) model presented in Sect. 4.1. For later

convenience let us set the following notation for the SM components of the SO(10) fields

relevant for the Yukawa sector

16F = (Dc ⊕ L)5−3
⊕ (uc ⊕ q ⊕ ec)10+1 ⊕ (νc)1+5 (B.1)

10F = (D ⊕ Lc)5−2 ⊕ (dc ⊕ #)5+2
(B.2)

16H = (T 16
d ⊕ h16d )5−3

⊕ (. . .)10+1 ⊕ (. . .)1+5 (B.3)

16H = (T 16
u ⊕ h16u )5+3 ⊕ (. . .)10−1

⊕ (. . .)1−5 (B.4)

10H = (T 10
u ⊕ h10u )5−2 ⊕ (T 10

d ⊕ h10d )5+2
(B.5)

where a self-explanatory SM notation is employed and the outer subscripts label the

SU(5) ⊗ U(1)X origin. The SU(2)L doublets decompose as q = (u ⊕ d), # = (ν ⊕ e),

L = (N ⊕ E), Lc = (Ec ⊕N c), hu = (h+u ⊕ h0u) and hd = (h0d ⊕ h−d ).

B.1 Symmetry breaking and doublet-triplet splitting

The set of Higgs fields 54H ⊕ 45H ⊕ 16H ⊕ 16H is sufficient in order to achieve a renormal-

izable12 breaking of SO(10) down to the SM (see e.g. Ref. [52] for the study of the vacuum

12With only 45H ⊕ 16H ⊕ 16H at play the requirement of a supersymmetric vacuum at the GUT scale

is such that the little group is SU(5) [48–50]. In order to reach the SM gauge group one can either relax

renormalizability [49] or add a 54H [48, 50]. Since the first option introduces a delicate interplay between

the GUT and the Planck scale which may be an issue for unification and proton decay (see e.g. Ref. [51]),

we choose the second option.
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For definiteness let us focus on a supersymmetric SO(10) model featuring the follow-

ing minimal set of Higgs representations: 54H ⊕ 45H ⊕ 16H ⊕ 16H ⊕ 10H7. As shown

in Appendix B this field content is sufficient in order to break SO(10) down to the SM at

the renormalizable level (cf. Appendix B.1) and to give mass to the SM fermions (cf. Ap-

pendix B.2). As already mentioned the MSSM matter superfields span over three copies of

16F ⊕ 10F in such a way that they are embedded in the SU(5) representations 10 ⊃ 16F
and 5 ⊃ 10F (cf. Eq. (2.2)). The conditions to be fulfilled in order to obtain such a “pure”

embedding are detailed in Appendix B.2.

The superpotential can be schematically written as

W = WH +WY + δWRPV , (4.3)

where WH and WY are the Higgs and the Yukawa components

WH = (µ54 + η5445H + λ5454H ) 542H + µ4545
2
H + (µ10 + λ1054H) 102H

+ (µ16 + λ1645H) 16H16H + λ16−1016
2
H10H + λ16−1016

2
H10H , (4.4)

WY = Y ij
1016

i
F 16

j
F 10H + Y ij

1616
i
F 10

j
F 16H +

(

M ij
10 + ηij45H + λij54H

)

10iF 10
j
F , (4.5)

while δWRPV is the R-parity violating piece

δWRPV =
(

µ̃i
10 + η̃i1045H + λ̃i

1054H
)

10iF 10H +
(

µ̃i
16 + λ̃i

1645H
)

16iF 16H

+ ρ̃i16iF 16H10H + σ̃i10iF 16H16H + σ̃
i
10iF 16H16H + Λ̃ijk16iF 16

j
F 10

k
F . (4.6)

Notice that without M-parity the separation between the F and the H superfields is some-

how artificial. However, since we consider δWRPV as a perturbation, we can still retain WH

responsible for the symmetry breaking and WY for the (charged fermions) Yukawa sector.

On the other hand the situation about neutrino masses is subtler, being RPV potentially

responsible for sizable contributions to them. We will comment later on the generation of

neutrino masses in our model.

In Appendix B.3 we provide an existence proof of the R-parity violating operators in the

MSSM effective theory. In order to obtain the low-energy superpotential one has to project

the operators of Eq. (4.6) on the representations containing the MSSM fields. Here we just

report the results of this operation leaving most of the technical details in Appendix B.3.

Bilinear R-parity violation in the effective superpotential is induceded by operators

containing just one F superfield in Eq. (4.6), leading to

W eff
RPV ⊃ µi &ihu , (4.7)

where the expression of µi in terms of the original couplings is given in Eq. (B.25).

Notice that in the “pure” matter embedding of TGM only some of the operators have

projections on the MSSM fields. In particular the trilinear operator relative to the coupling

7To be complete one should also add a 16′H ⊕ 16
′

H representation which is responsible for the SUSY

breaking [1]. For simplicity we will carry on our analysis in the supersymmetric limit, assuming that the

conclusions regarding the gauge symmetry breaking and the fermion mass spectrum are only marginally

affected by the SUSY breaking sector.
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responsible for the symmetry breaking and WY for the (charged fermions) Yukawa sector.

On the other hand the situation about neutrino masses is subtler, being RPV potentially

responsible for sizable contributions to them. We will comment later on the generation of

neutrino masses in our model.

In Appendix B.3 we provide an existence proof of the R-parity violating operators in the

MSSM effective theory. In order to obtain the low-energy superpotential one has to project

the operators of Eq. (4.6) on the representations containing the MSSM fields. Here we just

report the results of this operation leaving most of the technical details in Appendix B.3.

Bilinear R-parity violation in the effective superpotential is induceded by operators

containing just one F superfield in Eq. (4.6), leading to

W eff
RPV ⊃ µi &ihu , (4.7)

where the expression of µi in terms of the original couplings is given in Eq. (B.25).

Notice that in the “pure” matter embedding of TGM only some of the operators have

projections on the MSSM fields. In particular the trilinear operator relative to the coupling

7To be complete one should also add a 16′H ⊕ 16
′

H representation which is responsible for the SUSY

breaking [1]. For simplicity we will carry on our analysis in the supersymmetric limit, assuming that the

conclusions regarding the gauge symmetry breaking and the fermion mass spectrum are only marginally

affected by the SUSY breaking sector.
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+ Non-renormalizable term

Λ̃ijk does not contribute to the effective theory. On the other hand the phenomenological

viability of the model, within the minimal choice of representations at hand, requires the

presence of non-renormalizable operators (cf. again Appendix B). By relaxing renormaliz-

ability there is an additional source of R-parity violation given by the operator

Λ̃NR
ijk

MP
10iF 10

j
F 16

k
F

〈

16H
〉

⊃ λNR
ijk "i"je

c
k + λ′NR

ijk dci"jqk + λ′′NR
ijk dcid

c
ju

c
k , (4.8)

where

λNR
ijk =

1

2
λ′NR
ijk = λ′′NR

ijk =
Λ̃NR
ijk V 16

MP
≡ Λijk . (4.9)

Notice that the relation in Eq. (4.9) gives a correlation between the baryon (λ′′) and lepton

number (λ, λ′) violating couplings.

We should also mention that λ′′ receives an additional contribution when combining

the bilinear operators in Eq. (4.6) with the Yukawa ones. This is obtained by projecting

the Higgs fields on the heavy triplet components and integrating them out. This last

contribution, labeled λ′′
T , is shown explicitly in Eq. (B.29).

In the end the structure of the induced superpotential in the MSSM effective theory

is given by:

W eff
RPV = µi "ihu + λijk "i"je

c
k + λ′

ijk d
c
i"jqk + λ′′

ijk d
c
id

c
ju

c
k , (4.10)

where

λ = Λ , λ′ = 2Λ , λ′′ = Λ+ λ′′
T . (4.11)

The strongest constraints on the R-parity violating interactions are due to proton decay. In

particular this enforces severe bounds on the products of couplings λλ′′, λ′λ′′ (cf. e.g. [22]

for an exhaustive list). For kinematical reasons the most stringent ones apply to products

involving dominantly the first two light generation indices. For instance the process p →
π0e+ severely constrains the product

λ′
k11λ

′′
k11 ! 10−26

(

m̃

1 TeV

)2

, (4.12)

with k = 1, 2, 3 and m̃ being the sfermion mass scale. Though the extension of the analysis

at the one-loop level sets weaker bounds for the couplings relative to the second and third

generation [23], in our setup the structure of the trilinears is constrained by the GUT

symmetry which implies much stronger bounds with respect to the general case. The most

conservative bound on all the R-parity violating trilinear couplings in the presence of a

GUT relation such as that in Eq. (4.9) is given by [24]

Λ ! 10−10

(

m̃

1 TeV

)2

. (4.13)

Barring extremely accurate cancellations between the two unrelated components Λ and λT

in the expression for λ′′ (cf. Eq. (4.11)), the bound in Eq. (4.13) is automatically translated

onto λ and λ′.
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RPV ⊃ µi &ihu , (4.7)

where the expression of µi in terms of the original couplings is given in Eq. (B.25).

Notice that in the “pure” matter embedding of TGM only some of the operators have

projections on the MSSM fields. In particular the trilinear operator relative to the coupling

7To be complete one should also add a 16′H ⊕ 16
′

H representation which is responsible for the SUSY

breaking [1]. For simplicity we will carry on our analysis in the supersymmetric limit, assuming that the

conclusions regarding the gauge symmetry breaking and the fermion mass spectrum are only marginally

affected by the SUSY breaking sector.
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〈
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ijk "i"je

c
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ju
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where
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ijk =
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ijk =
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Notice that the relation in Eq. (4.9) gives a correlation between the baryon (λ′′) and lepton
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particular this enforces severe bounds on the products of couplings λλ′′, λ′λ′′ (cf. e.g. [22]

for an exhaustive list). For kinematical reasons the most stringent ones apply to products

involving dominantly the first two light generation indices. For instance the process p →
π0e+ severely constrains the product
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k11 ! 10−26

(
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)2
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with k = 1, 2, 3 and m̃ being the sfermion mass scale. Though the extension of the analysis

at the one-loop level sets weaker bounds for the couplings relative to the second and third

generation [23], in our setup the structure of the trilinears is constrained by the GUT

symmetry which implies much stronger bounds with respect to the general case. The most

conservative bound on all the R-parity violating trilinear couplings in the presence of a

GUT relation such as that in Eq. (4.9) is given by [24]
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(
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)2
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Barring extremely accurate cancellations between the two unrelated components Λ and λT
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onto λ and λ′.
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is automatically fulfilled with γ != 0, yielding a type-II seesaw contribution to neutrino

masses [56, 57]. The latter also provides an interesting leptogenesis mechanism based on

the out-of-equilibrium decay of the Higgs triplets. On the other hand it has been pointed

out in Ref. [56] that this mechanism requires an high reheating temperature of at least

O(1011 GeV), while the cosmological value of the DM relic density is fitted by reheat-

ing temperatures pointing towards a standard thermal leptogenesis scenario based on the

type-I seesaw (see Sect. 4.2 for more details).

B.3 Origin of the R-parity violating operators

This last section is devoted to the derivation of the R-parity violating operators in the

effective MSSM theory. Starting from δWRPV in Eq. (4.6) and by projecting the SO(10)

representations onto the light components (cf. Eqs. (B.1)–(B.2)) one finds:

• A bilinear operator of the type µi #ihu, where

µi = cos θu

(

µ̃i
10 − η̃i10V

45
R + 1

2

√

3
5 λ̃

i
10V

54

)

+ sin θuσ̃
i
V 16 . (B.25)

• Two bilinear operators of the type µ10
T id

c
iT

10
u and µ16

T id
c
iT

16
u , where

µ10i
T = µ̃i

10 + η̃i10V
45
B−L − 1√

15
λ̃i
10V

54 and µ16i
T = σ̃

i
V 16 . (B.26)

The triplet bilinears can actually generate effective baryon violating trilinears when com-

bined with the Yukawas (see e.g. [24, 58]). This can be easily seen working at the SO(10)

level. Take for instance the terms

W ⊃ Y ij
1016

i
F 16

j
F 10H + Y ij

1616
i
F 10

j
F 16H + µ̃k10kF 10H + σ̃

k
10kF 16H16H , (B.27)

where µ̃k =
(

µ̃k
10 + η̃k10 〈45H〉+ λ̃k

10 〈54H〉
)

and by integrating out the pairs 10H −10H and

16H − 16H one gets16

Y ij
10 µ̃

k

µ10
16iF 16

j
F 10

k
F +

Y ij
16 σ̃

k

µ16
16iF 10

j
F 10

k
F

〈

16H
〉

. (B.28)

After projecting these operators on the MSSM fields, only the second one gives a low-energy

contribution, leading to the trilinear operator (λ′′
T )

ijk ucid
c
jd

c
k with

(

λ′′
T

)ijk
=

V 16

µ16
Y ij
16 σ̃

k
. (B.29)

The SO(10) trilinear operator Λ̃ijk16iF 16
j
F 10

k
F has no projection on the light MSSM fields

as well and thus does not contribute to the effective low-energy RPV superpotential. On

16The argument should be formally carried on at the SM level by integrating out the heavy triplets.
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the other hand RPV trilinear couplings can arise at the non-renormalizable level from the

following operator

Λ̃ijk
NR

MP
10iF 10

j
F 16

k
F

〈

16H
〉

⊃
Λ̃ijk
NR

MP
5
i
10F 5

j
10F 10

k
16F

〈

116H
〉

=
Λ̃ijk
NR V 16

MP

(

!i!je
c
k + 2 dci!jqk + dcid

c
ju

c
k

)

. (B.30)

Notice that due to the antisymmetry of the 10k16F in the SU(5) space the interactions

in Eq. (B.30) are antisymmetric in the first two generation indices: Λijk
NR = −Λjik

NR.
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the other hand RPV trilinear couplings can arise at the non-renormalizable level from the

following operator
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Notice that due to the antisymmetry of the 10k16F in the SU(5) space the interactions

in Eq. (B.30) are antisymmetric in the first two generation indices: Λijk
NR = −Λjik

NR.
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Bounds from proton decay passed if:

Λ̃ijk does not contribute to the effective theory. On the other hand the phenomenological

viability of the model, within the minimal choice of representations at hand, requires the

presence of non-renormalizable operators (cf. again Appendix B). By relaxing renormaliz-

ability there is an additional source of R-parity violation given by the operator
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Notice that the relation in Eq. (4.9) gives a correlation between the baryon (λ′′) and lepton

number (λ, λ′) violating couplings.

We should also mention that λ′′ receives an additional contribution when combining

the bilinear operators in Eq. (4.6) with the Yukawa ones. This is obtained by projecting

the Higgs fields on the heavy triplet components and integrating them out. This last

contribution, labeled λ′′
T , is shown explicitly in Eq. (B.29).

In the end the structure of the induced superpotential in the MSSM effective theory

is given by:
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c
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c
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c
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c
ju

c
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where

λ = Λ , λ′ = 2Λ , λ′′ = Λ+ λ′′
T . (4.11)

The strongest constraints on the R-parity violating interactions are due to proton decay. In

particular this enforces severe bounds on the products of couplings λλ′′, λ′λ′′ (cf. e.g. [22]

for an exhaustive list). For kinematical reasons the most stringent ones apply to products

involving dominantly the first two light generation indices. For instance the process p →
π0e+ severely constrains the product

λ′
k11λ

′′
k11 ! 10−26

(

m̃

1 TeV

)2

, (4.12)

with k = 1, 2, 3 and m̃ being the sfermion mass scale. Though the extension of the analysis

at the one-loop level sets weaker bounds for the couplings relative to the second and third

generation [23], in our setup the structure of the trilinears is constrained by the GUT

symmetry which implies much stronger bounds with respect to the general case. The most

conservative bound on all the R-parity violating trilinear couplings in the presence of a

GUT relation such as that in Eq. (4.9) is given by [24]

Λ ! 10−10

(

m̃

1 TeV

)2

. (4.13)

Barring extremely accurate cancellations between the two unrelated components Λ and λT

in the expression for λ′′ (cf. Eq. (4.11)), the bound in Eq. (4.13) is automatically translated

onto λ and λ′.
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Combination of bounds from proton decay and GUT relations points towards 
strong suppression of trilinear couplings.

Relevant phenomenology can be traced through an effective Bilinear R-parity 
violating theory.
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The bounds on the trilinear RPV couplings just derived are very strong, making them

harmless for the cosmological analysis. In light of this result, a motivated setup for the cos-

mological analysis is bilinear R-parity violation. Then the R-parity violating superpotential

simply reads

W eff
RPV = µi !ihu . (4.14)

In the effective theory one also expects R-parity violating couplings in the soft scalar

potential, depending on the details of the SUSY breaking sector. As we will show in the

next section, the main cosmological constraints apply to the bilinear soft terms

V soft
RPV = Bi !̃ihu + m̃2

hd!ih
†
d!̃i + h.c. . (4.15)

4.2 Cosmological analysis

Without R-parity, and thus lepton number conservation, there is no a priori distinction

between hd and !i. This is reflected by the fact that Eqs. (4.14)–(4.15) induce a non-

vanishing VEV for the sneutrino fields once electroweak symmetry is broken [22, 25].

Since hd and !i have the same quantum numbers one can always operate a redefinition

of these fields through a unitary transformation. Typically one can use this transformation

in order to rotate away either the sneutrino VEVs vi or the bilinear couplings µi.

Since we consider Eq. (4.14) as a perturbation of the R-parity conserving theory,

implying in particular µi ! µ, it is convenient to define the following linear transformation

on the superfields

hd → ĥd = hd + εi!i , !i → !̂i = !i − εihd , (4.16)

with εi = µi/µ, which rotates away the bilinear term in Eq. (4.14) up to O(ε2i ) corrections.

The expressions of the R-parity violating couplings in the hatted basis can be found for

instance in Ref. [22]. We just point out that the transformation in Eq. (4.16) induces

trilinear lepton violating couplings λ̂ijk, λ̂′
ijk of the form

λ̂ijk = −(Ye)ikεj + (Ye)jkεi , λ̂′
ijk = −(Yd)ikεj , (4.17)

where Ye and Yd represent, respectively, the SM Yukawas of the charged-leptons and the

down-quarks. In the hatted basis the VEVs of the sneutrinos are given by [20]

vi ≡ −ξi〈hd〉 = −
B̂i tan β + ˆ̃m2

hd!i

ˆ̃m2
!i
+ 1

2M
2
Z cos 2β

〈hd〉 . (4.18)

Then we can express ξi in terms of the original parameters obtaining, at the leading order

in εi,

ξi ≈
(Bi − εiB) tan β + m̃2

hd!i
+ εi(m̃2

!i
− m̃2

hd
)

m̃2
!i
+ 1

2M
2
Z cos 2β

. (4.19)

Given the model dependence of the soft terms Bi and m̃hd!i , RPV is described at low-energy

by the six parameters ξi and εi. On the other hand, by inspecting Eq. (4.19) and Eq. (2.3)

it turns out that, barring cancellations, the parameters ξi are at least of the order of εi.

In what follows we will analyze the bilinear RPV model introduced in the previous

section and identify the range of viability of the R-parity violating couplings. The analysis

is organized according to the following points:
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Without R-parity, and thus lepton number conservation, there is no a priori distinction

between hd and !i. This is reflected by the fact that Eqs. (4.14)–(4.15) induce a non-

vanishing VEV for the sneutrino fields once electroweak symmetry is broken [22, 25].

Since hd and !i have the same quantum numbers one can always operate a redefinition

of these fields through a unitary transformation. Typically one can use this transformation

in order to rotate away either the sneutrino VEVs vi or the bilinear couplings µi.

Since we consider Eq. (4.14) as a perturbation of the R-parity conserving theory,

implying in particular µi ! µ, it is convenient to define the following linear transformation

on the superfields

hd → ĥd = hd + εi!i , !i → !̂i = !i − εihd , (4.16)

with εi = µi/µ, which rotates away the bilinear term in Eq. (4.14) up to O(ε2i ) corrections.

The expressions of the R-parity violating couplings in the hatted basis can be found for
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ijk of the form
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Given the model dependence of the soft terms Bi and m̃hd!i , RPV is described at low-energy

by the six parameters ξi and εi. On the other hand, by inspecting Eq. (4.19) and Eq. (2.3)

it turns out that, barring cancellations, the parameters ξi are at least of the order of εi.
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Sneutrinos get v.e.v at EWSB
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- NLSP lifetime and BBN;
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In what follows we will analyze the bilinear RPV model introduced in the previous

section and identify the range of viability of the R-parity violating couplings. The analysis

is organized according to the following points:

• NLSP lifetime and BBN.

• Gravitino lifetime and cosmic rays.

• Neutrino masses through RPV.

• Gravitino relic density and thermal leptogenesis.

NLSP lifetime and BBN

The main motivation for the introduction of R-parity violation is to restore the agreement

between the decay of the NLSP and BBN. In our setup the most efficient processes are

induced by the sneutrino VEVs which mixes the Z (W ) boson with a neutrino (charged-

lepton) and a neutralino.

A Bino can decay into a W boson and a charged-lepton or into a Z boson and a

neutrino with the typical rates [24]

Γ
�
χ0
1 → Z ν

�
=

GF m3
χ0
1

4π
√
2

sin
2θW cos

2β

M2
1

ξ2 , (4.19)

Γ
�
χ0
1 → W±l∓

�
=

GF m3
χ0
1

2π
√
2

sin
2θW cos

2β

M2
1

ξ2 , (4.20)

where ξ ≡
�
ξ21 + ξ22 + ξ23 . The NLSP may also decay into three fermions by means of the

couplings λ̂ and λ̂�
in Eq. (4.16) with a typical rate of the form

Γ3−body =
g2|λ̂�|2

1024π3

m5
χ0
1

m̃4
Q

. (4.21)

The same expression, divided by a factor of three, holds for the rates involving the coupling

λ̂. However the 3-body processes are highly suppressed with respect to the 2-body decay

BR(3− body/2− body) ≈ 1.3× 10
−5

�
�

ξ

�2�
tanβ

10

�4� m̃Q

1 TeV

�−4� mχ0
1

150 GeV

�4

. (4.22)

In writing this expression we used Eq. (4.16) and assumed �i ∼ � for i = 1, 2, 3. Hence the

3-body processes can be neglected for a typical TGM spectrum, barring cancellations in

the sneutrino VEVs. The NLSP lifetime is then determined by Eqs. (4.19)–(4.20)

τNLSP, 2−body ≈ 0.02 s

� mχ0
1

150 GeV

�−1�
tanβ

10

�2� ξ

10
−10

�−2

, (4.23)
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Requiring that the NLSP decays before BBN we get the conservative lower 
bound:

which satisfies the BBN bounds, as reproduced in the right panel of Fig. 3 for τNLSP � 10−2

s, thus implying ξ � 10−(10÷11) depending on mχ0
1
. This is actually a rather conservative

bound; lower values of ξ are allowed depending on the NLSP abundance7.

Gravitino lifetime and cosmic rays

The amount of R-parity violation is also constrained from above since the DM is not

stable anymore. As it will be evident from the expressions below the gravitino is stable

on cosmological time-scales, being its decay rate doubly suppressed both by the R-parity

violating couplings and the Planck mass. On the other hand the small portion of the

decaying gravitinos is able to leave an imprint on the cosmic ray spectrum.

In our setup the main decay channel of the gravitino is into a neutrino and a photon [25]

Γ(G̃ → γ ν) =
1

32π

(M2 −M1)
2

M2
1M

2
2

M2
Z sin2 θW cos2 θW cos2 β ξ2

m3
3/2

M2
P

. (4.24)

Then the associated lifetime can be estimated by8

τ � 7.3× 1028 s

�
tanβ

10

�2� M1/2

300 GeV

�2� m3/2

15 GeV

�−3
�

ξ

10−7

�−2

. (4.27)

This process is expected to leave an imprint on the cosmic gamma ray spectrum in the

form of an approximately monochromatic line at an energy depending on the gravitino

mass. For higher values of M1/2 and m3/2 the 3-body processes mediated by off-shell gauge

bosons become also important and eventually dominant [27], implying the presence of

an additional continuos component in the gamma ray spectrum. This kind of signals have

been the subject of dedicated searches performed by the Fermi Large Area Telescope (LAT)

collaboration [28, 29]. Since none of the expected excesses in the gamma ray spectrum have

been detected so far one obtains a lower bound on the gravitino lifetime.

According to Refs. [27, 30] the lower bound on the gravitino lifetime is approximatively

of 1027÷29 s for gravitino masses in the range 10÷80 GeV and M1/2 in the range 100÷1000

GeV. This translates into an upper bound for ξ of about ξ � 10−(6÷8).

For definiteness we mention that for the central values of M1/2 and m3/2 in Eq. (4.27),

which roughly correspond to the LHC bound quoted in Sect. 2, the limit on the gravitino

lifetime is 1028 s which is satisfied for ξ � 3× 10−7.

7
On the other hand the given bound takes also into account the fact that a population of NLSP, poten-

tially dangerous for BBN, could survive despite the low branching ratio of 3-body decays. From Eq. (4.22)

we see that this scenario does not occur for low/moderate values of tanβ (cf. also the lines in the second

panel of Fig. 3). Eventually it could be necessary to assume an even more conservative limit ξ > 10
−9

.

8
The trilinear couplings λ̂ and λ̂�

yield a negligible contribution to the gravitino lifetime. Indeed the

typical rates are [26]

Γ3/2 ,3−body =
λ̄2

18432π3

m7
3/2

m̃4
Q

, λ̄ = 3 λ̂�, λ̂ (4.25)

which lead to the following lifetime

τ3/2 ,3−body ≈ 6.5× 10
37

s

� �
10−4

�−2� m3/2

10 GeV

�−7
�
tanβ
10

�−2� m̃Q

1 TeV

�4

. (4.26)
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mass. For higher values of M1/2 and m3/2 the 3-body processes mediated by off-shell gauge

bosons become also important and eventually dominant [27], implying the presence of

an additional continuos component in the gamma ray spectrum. This kind of signals have

been the subject of dedicated searches performed by the Fermi Large Area Telescope (LAT)

collaboration [28, 29]. Since none of the expected excesses in the gamma ray spectrum have

been detected so far one obtains a lower bound on the gravitino lifetime.

According to Refs. [27, 30] the lower bound on the gravitino lifetime is approximatively

of 1027÷29 s for gravitino masses in the range 10÷80 GeV and M1/2 in the range 100÷1000

GeV. This translates into an upper bound for ξ of about ξ � 10−(6÷8).

For definiteness we mention that for the central values of M1/2 and m3/2 in Eq. (4.27),

which roughly correspond to the LHC bound quoted in Sect. 2, the limit on the gravitino

lifetime is 1028 s which is satisfied for ξ � 3× 10−7.

7
On the other hand the given bound takes also into account the fact that a population of NLSP, poten-

tially dangerous for BBN, could survive despite the low branching ratio of 3-body decays. From Eq. (4.22)

we see that this scenario does not occur for low/moderate values of tanβ (cf. also the lines in the second

panel of Fig. 3). Eventually it could be necessary to assume an even more conservative limit ξ > 10
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.

8
The trilinear couplings λ̂ and λ̂�

yield a negligible contribution to the gravitino lifetime. Indeed the

typical rates are [26]

Γ3/2 ,3−body =
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which lead to the following lifetime

τ3/2 ,3−body ≈ 6.5× 10
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�−7
�
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�−2� m̃Q
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�4

. (4.26)
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which satisfies the BBN bounds, as reproduced in the right panel of Fig. 3 for τNLSP � 10−2

s, thus implying ξ � 10−(10÷11) depending on mχ0
1
. This is actually a rather conservative

bound; lower values of ξ are allowed depending on the NLSP abundance7.
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stable anymore. As it will be evident from the expressions below the gravitino is stable
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violating couplings and the Planck mass. On the other hand the small portion of the
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Figure 6: Upper bounds on the R-parity violation parameter ζ, derived from the Fermi LAT
gamma-ray line limits in Fig. 4. For thermal leptogenesis, overproduction (O.P.) of gravitinos
already excludes the left green region. As discussed in the text, the adopted strategy for line
searches might fail for gravitino masses above a few hundred GeV (dashed black line).

The corresponding decay rates are

Γτ̃L =
ε2

16πv2
m2

t

m3
τ̃1

3 (m2
τ̃1 −m2

t −m2
b)
√

[m2
τ̃1 − (mt +mb)2][m2

τ̃1 − (mt −mb)2] , (21a)

Γτ̃R =
ε2

16πv2
m2

t

m3
τ̃1

(tanβ)2 (m2
τ̃1 −m2

τ )
2 , (21b)

where the dimensionless parameter ε is directly related to the R-parity violating Yukawa
couplings (see Ref. [101] for details). In principle ζ and ε are independent parameters
because they stem from different linear combinations of the bilinear R-parity violating
couplings µi, Bi and m2

id. We choose ζ " ε in order to set limits on the stau decay length.
However, one has to keep in mind that in principle ζ could be set to values much smaller
than ε by a proper choice of the parameters µi, Bi and m2

id. The behavior of the mixing
angle θτ̃ with the stau mass mτ̃1 can be deduced from the RGEs using the boundary
conditions Eq. (15).

Using the upper limits on the R-parity breaking parameter ζ from Fig. 6, we can derive
lower bounds on the stau decay length. Our results are shown in Fig. 7. The parameter
space is already constrained by EWPT and overproduction bounds, and the lower limits
on the neutralino decay length vary between 100m and 10 km. It is interesting that if such
particle were to be produced at the LHC, a sizable amount of their decay could take place in
the detector [34]. We obtain a lowest possible decay length cττ̃ " 85m for m3/2 " 16GeV
and mτ̃1 " 100GeV.

3.2.2 Neutralino NLSP

A neutralino NLSP heavier than 100GeV dominantly decays intoW±'∓ and Z0ν [104, 105].
The corresponding decay width is directly proportional to the R-parity breaking parameter
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Figure 11: The minimum allowed values of τ
G̃

as a function of the gravitino mass for different
values of M1. The region below the lines is already ruled out by Fermi data.

be larger than about 2 × 1028 s, with only a mild dependence on the gravitino mass. For

M1 = 1 TeV, the constraint can be up to two orders of magnitude weaker, depending on

the gravitino mass. As expected, at low gravitino masses the effect of the three-body final

states is smaller (see figure 2), giving rise to a weaker dependence of the constraint with

gaugino masses.

To summarize, we have seen that the three-body decays of the gravitino considerably

alter the gamma ray spectrum expected from G̃ decays and the constraints that can be

derived from gamma ray data.

5. Antimatter searches

Antimatter searches are another promising way to indirectly detect dark matter. The

positrons and antiprotons produced in gravitino decays originate entirely in the W ∗τ and

Z∗ντ final states and had not, in consequence, been considered before in the literature.

In this section, we obtain the positron and antiproton spectra from gravitino decay and

compute their expected fluxes at earth.

5.1 Positrons

The positrons from gravitino decay into W ∗τ and Z∗ντ originate in the decay of the τ± and

in the fragmentation of the virtual gauge bosons, mainly via π+ decay. They give rise to a

continuum spectrum of positrons, which we obtain using the event generator PYTHIA [13].

Figure 12 shows the positron spectrum (before propagation) resulting from gravitino decay

for mG̃ = 70 GeV and different values of M1. At high energies, E2dNe+/dE is observed

to increase with energy, indicating that dNe+/dE is a slowly decreasing function in that

region –a result that can be attributed to the positrons from tau decay. As the gauginos

become heavier, the branching ratio into three-body final states gets larger and so does the

– 12 –

Gravitino is a cosmologically viable DM canditate also with RPV. Small amount of decay is 
however detectable in cosmic rays.

Main signature in our scenario are gamma rays.

Vertongen and Weniger 2011, 
JCAP 1105:027,2011

Choi et al. 2010, JCAP 1010:033,2010From negative Fermi searches we get the upper bound:

Constraints from Fermi-Lat

the gluino mass

ΩT

DMh2 ≈ 0.12

�
TRH

109 GeV

��
2 TeV

m̃10

��
M3

700 GeV

�2

, (4.33)

we see that a reheating temperature of the order of 109 GeV requires sfermion masses in

the multi TeV range.

We conclude by mentioning that, in presence of a leptogenesis mechanism, the theory

is subject to additional constraints on the amount of RPV. Indeed baryon and lepton

number violating interactions due to RPV could erase the B − L asymmetry generated

by leptogenesis. This can be avoided by requiring that the dangerous processes are not

efficient, i.e. ΓRPV < H, when the asymmetry is generated. The general expression for these

rates has been studied in [38, 39]. In case of bilinear R-parity violation the baryogenesis

bound can be summarized by the condition [18]

� � 10−6

�
tanβ

10

�−1

, (4.34)

which implies a similar bound on ξ, barring cancellations in Eq. (4.18).

The bounds emerging from the cosmological analysis are collectively summarized in Ta-

ble 1.

Observable Bound References

Proton decay λ,λ
�
,λ

��
< 10−10 [22]

BBN (NLSP lifetime) ξ > 10−(10÷11) [40]

Cosmic rays ξ < 10−(6÷8) [27],[30]

Neutrino masses ξ � 10−5 [20]

Baryogenesis � < 10−6 [38, 39]

Table 1: Summary of the bounds on the R-parity violating couplings.

5 Conclusions

In this paper we have discussed the impact of cosmology on the SO(10) TGM model. The

new gauge mediation mechanism introduced in [1] guarantees the flavor universality of the

sfermion masses and peculiar predictions for the supersymmetric spectrum at the LHC.

The messenger scale is fixed at the GUT scale and this gives also a prediction for the

value of the gravitino mass to be of O(10 GeV) by assuming the sfermion masses in the

TeV range. Another consequence of the model, under the assumption of TGM dominance

(cf. Eq. (2.6)), is the fact that the NLSP is a Bino-like neutralino.

This scenario is highly disfavored if R-parity is conserved, being the DM overproduced

by the NLSP decays. Moreover the gravitino production is accompanied by hadronic and/or

electromagnetic showers which spoil the predictions of BBN.

– 16 –

martedì 27 marzo 2012



Neutrino masses through RPV

Giorgio Arcadi                                                                                                                         Invisibles Pre-Meeting Madrid March 29th

Neutrino masses trough RPV

Summing up the results obtained until now, the outcome of the cosmological analysis is

that the RPV coupling ξ must lie in the window 10−6 < ξ < 10−11. R-parity violation

can have, however, a wider impact on the phenomenology being a potential source of

neutrino masses. Indeed the VEVs of the sneutrinos induce a mixing between neutrinos

and neutralinos leading to a contribution to neutrino masses when the neutralinos are

integrated out [23]. The result is a rank-one matrix hence giving mass to one neutrino.

Explicitly one finds [31]

mν3 = M2
Z ξ2cos2β

�
M1M2

M1c2W +M2s2W
− M2

Z

µ
sin 2β

�−1

. (4.28)

The complete neutrino spectrum can be then reconstructed by including also the one-loop

contributions which also depend on λ̂, λ̂� and the soft parameters Bi (see for instance [32, 33]

for a detailed computation of neutrino masses at the one-loop level). Barring cancellations

in ξ the neutrino spectrum turns out to be hierarchical, hence we can impose the relation

mν3 �
�
∆m2

atm, thus implying

ξ � 1.5× 10−5

��
∆m2

atm

0.05 eV

�1/2�
tanβ

10

��
M1/2

300 GeV

�1/2

. (4.29)

Additional constraints on the parameters ξi and �i can be imposed once other observables,

such as∆m2
sol and the mixing angles, are taken into account. As it is evident from Eq. (4.29)

the outcome of the analysis of cosmic ray bounds (ξ < 10−6) implies a suppression of

neutrino masses induced by RPV well below the experimental constraints. This result

is in agreement with the recent analysis of Ref. [34] which rules out bilinear RPV as

the mechanism responsible for neutrino masses for gravitinos heavier than 1 GeV. Such

low vales of the gravitino mass are not achievable if TGM is the dominant mechanism

originating sfermion masses (cf. Eq. (2.7)). In our model, neutrino masses have to be

generated by means of another mechanism (see Appendix B.2 for the discussion on neutrino

masses).

Gravitino relic density and thermal leptogenesis

At this point we turn to the relic density of DM. For the range 10−(10÷11) � ξ � 10−(7÷8)

the NLSP decays only into SM particles at a much faster rate with respect to the decay

into gravitinos. The branching ratio between the R-parity conserving decays (into SM

particles) and the R-parity violating ones (into SM particles and gravitinos),

BR(RPC/RPV ) ≈ 10−8

� mχ0
1

150 GeV

�4� m3/2

15 GeV

�−2
�
tanβ

10

�2� ξ

10−10

�−2

, (4.30)

indicates that the DM relic density is completely determined by its thermal component.

This can be computed as a function of the reheating temperature TRH in thermal field
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Non-zero sneutrino vev’s induces a mixing between neutralino and neutrinos as well as charginos and charged leptons.

The mass eigenstates of the formers will arise from the diagonalization of a 7× 7 matrix of the form:

MN =

�
m

ss
ν mRPV

m
T
RPV M

MSSM
N

�
(120)

where m
ss
ν represents neutrino mass matrix. Forgetting for the moment the contribution coming from the see-saw

mechanisms, this matrix is zero at tree-level but recieves contributions at one loop coming from interactions induced

by the trilinear couplings λ and λ�
which are of the form [55]:

�
m

ν
αβ

�
1−loop

�
3λ�

αijλ
�
βlk

8π2

m
d
ik

�
m̃

d
jl

�2

LR

m̃2
+

3λαγjλβσk

8π2

m
l
γk

�
m̃

l
jσ

�2
LR

m̃2
(121)

where

�
m̃

d
jl

�2

LR
is the left-sector of the d̃ squark matrix while

�
m̃

l
jσ

�2
LR

is the left-right sector of the squared mass

matrix of the charged l̃ and Hσ. m̃ instead represents a squark-slepton mass scale. mRPV contains the mixing terms

induced by R-parity violation and, in the basis chosen, is of the form [43]:

mRPV =




MZsW ξ1cosβ −MZcW ξ1cosβ 0 0

MZsW ξ2cosβ −MZcW ξ2cosβ 0 0

MZsW ξ3cosβ −MZcW ξ3cosβ 0 0



 (122)

while M
MSSM
N is the 4 × 4 neutralino mass matrix commonly defined into the MSSM. This matrix is exactly of the

form of a seesaw matrix. We can then define an effective 3 × 3 neutrino mass matrix by introducing the following

neutrino-neutralino mixing matrix:

Nij = −
�
M

−1
N m

T
RPV

�
ij
=

MZ

FN
biξjcosβ,

i = B̃, W̃ , h̃u, h̃d

j = e, µ, τ
(123)

with:

b1 = − sWM2

M1c
2
W +M2s

2
W

(124)

b2 =
cWM1

M1c
2
W +M2s

2
W

(125)

b3 = −sinβ
MZ

µ
(126)

b4 = cosβ
MZ

µ
(127)

FN =
M1M2

M1c
2
W +M2s

2
W

+
M

2
Z

µ
sin2β (128)

and will be:

m
eff
ν,ij = m

1−loop
ij −

�
mRPV M

−1
N m

T
RPV

�
ij

(129)

The matrix Nij has an important role in the cosmological analisis since determines the decay rates of the gravitino

and of the NLSP.

Before doing this we want to go back to the issue of the proton decay. Typically this process is induced by trilinear

couplings λ,λ�
,λ��

. A rather complete list of the bounds coming from proton decay can be found in [40]. Here we will
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The matrix Nij has an important role in the cosmological analisis since determines the decay rates of the gravitino

and of the NLSP.

Before doing this we want to go back to the issue of the proton decay. Typically this process is induced by trilinear

couplings λ,λ�
,λ��

. A rather complete list of the bounds coming from proton decay can be found in [40]. Here we will
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matrix of the charged l̃ and Hσ. m̃ instead represents a squark-slepton mass scale. mRPV contains the mixing terms
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Before doing this we want to go back to the issue of the proton decay. Typically this process is induced by trilinear

couplings λ,λ�
,λ��

. A rather complete list of the bounds coming from proton decay can be found in [40]. Here we will

RPV cannot account for neutrino 
masses compatibly with 
astrophysical and cosmological 
bounds

see for review e.g., Barbier et al. (2004);
D. Restrepo, M. Taoso, J. Valle, and O. Zapata; PRD (2012)
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where r = 1, 2, 3 and the sum runs over the three components U(1)Y , SU(2)L and SU(3)C
of the SM gauge group. The values of the coefficients kr, y′r and δr can be found for instance

in Ref. [42].

As shown in Fig. 4 the DM relic density matches the cosmological value, depending

on the values of M1/2 and m̃10, for reheating temperatures up to ∼ 109 GeV. By estimat-

ing Eq. (4.32) in the following way

ΩT
DMh2 ≈ 0.12

(

TRH

109 GeV

)(

30 GeV

m3/2

)(

M1/2

300 GeV

)2

, (4.33)

and considering the relation in Eq. (2.7), we can see that the increase in the contribution

of TGM to sfermion masses (with respect to standard gauge mediation) coincides with an

increase of the reheating temperature needed to fit the cosmological value of the DM relic

density. Moreover values of the reheating temperature of the order of 109 GeV are welcome
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Figure 4: Contours of the gravitino relic density in the plane (M1/2, m̃10) computed,

according to Eq. (4.32), for the values of the reheating temperature reported. The green

dashed vertical line represents the value of 700 GeV for the gluino mass while the black

line represents the TGM dominance relation in Eq. (2.6).

in the standard thermal leptogenesis scenarios [43]. We stress that this result is obtained

thanks to the natural prediction of TGM of a gravitino mass of the order of 10 GeV. On the

contrary theories based on standard (loop) gauge mediation predicts much lower reheating

temperatures due to lower gravitino masses. By rescaling Eq. (4.33), in terms of m̃10 and

the gluino mass

ΩT
DMh2 ≈ 0.12

(

TRH

109 GeV

)(

2 TeV

m̃10

)(

M3

700 GeV

)2

, (4.34)

we see that a reheating temperature of the order of 109 GeV requires sfermion masses in

the multi TeV range.
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neutrino masses besides its cosmological role10. Indeed the VEVs of the sneutrinos induce

a mixing between neutrinos and neutralinos leading to a contribution to neutrino masses

after integrating out the neutralinos [25]. The result is a rank-one matrix hence giving

mass to just one neutrino. Explicitly one finds [37]

mν3 = M2
Z ξ2cos2β

(

M1M2

M1c2W +M2s2W
−

M2
Z

µ
sin 2β

)−1

. (4.29)

The complete neutrino spectrum can be then reconstructed by including also the one-loop

contributions which depend on λ̂, λ̂′ and the soft parameters Bi (see for instance [38, 39]

for a detailed computation of neutrino masses at the one-loop level). Barring cancellations

in ξ the neutrino spectrum turns out to be hierarchical, hence we can impose the relation

mν3 "
√

∆m2
atm, thus implying

ξ " 1.5× 10−5

(

√

∆m2
atm

0.05 eV

)1/2
(

tan β

10

)(

M1/2

300 GeV

)1/2

. (4.30)

Additional constraints on the parameters ξi and εi can be imposed once other observables,

such as∆m2
sol and the mixing angles, are taken into account. As it is evident from Eq. (4.30)

the outcome of the analysis of cosmic ray bounds (ξ < 10−6) implies a suppression of

neutrino masses induced by RPV well below the experimental constraints. This result

is in agreement with the recent analysis of Ref. [40] which rules out bilinear RPV as

the mechanism responsible for neutrino masses for gravitinos heavier than 1 GeV. Such

low vales of the gravitino mass are not achievable if TGM is the dominant mechanism

originating sfermion masses (cf. Eq. (2.7)). In our model, neutrino masses have to be

generated by means of another mechanism (see Appendix B.2 for the discussion on neutrino

masses).

Gravitino relic density and thermal leptogenesis

At this point we turn to the relic density of DM. For the range 10−(10÷11) ! ξ ! 10−(7÷8)

the NLSP decays only into SM particles at a much faster rate with respect to the decay

into gravitinos. The branching ratio between the R-parity conserving decays (into SM

particles) and the R-parity violating ones (into SM particles and gravitinos),

BR(RPC/RPV ) ≈ 10−8

( mχ0
1

150 GeV

)4( m3/2

15 GeV

)−2
(

tan β

10

)2( ξ

10−10

)−2

, (4.31)

indicates that the DM relic density is completely determined by its thermal component.

This can be computed as a function of the reheating temperature TRH in thermal field

theory, according to the following analytic expression [41]

ΩT
DMh2 =

( m3/2

10 GeV

)

(

TRH

109 GeV

)

∑

r

y′r g
2
r (TRH ) (1 + δr)

(

1 +
M2

r (TRH)

2m2
3/2

)

ln

(

kr
gr(TRH)

)

, (4.32)

10In this respect it has been pointed out that the MSSM without R-parity could be a complete theory

of the low-energy phenomena including neutrino masses, and it could even fit the cosmic ray anomalies of

PAMELA and Fermi-LAT in terms of (decaying) gravitino DM [36].
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No contribution to DM relic density 
from NLSP decays

where r = 1, 2, 3 and the sum runs over the three components U(1)Y , SU(2)L and SU(3)C
of the SM gauge group. The values of the coefficients kr, y′r and δr can be found for instance

in Ref. [42].
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and considering the relation in Eq. (2.7), we can see that the increase in the contribution

of TGM to sfermion masses (with respect to standard gauge mediation) coincides with an

increase of the reheating temperature needed to fit the cosmological value of the DM relic

density. Moreover values of the reheating temperature of the order of 109 GeV are welcome
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Figure 4: Contours of the gravitino relic density in the plane (M1/2, m̃10) computed,

according to Eq. (4.32), for the values of the reheating temperature reported. The green

dashed vertical line represents the value of 700 GeV for the gluino mass while the black

line represents the TGM dominance relation in Eq. (2.6).

in the standard thermal leptogenesis scenarios [43]. We stress that this result is obtained

thanks to the natural prediction of TGM of a gravitino mass of the order of 10 GeV. On the

contrary theories based on standard (loop) gauge mediation predicts much lower reheating

temperatures due to lower gravitino masses. By rescaling Eq. (4.33), in terms of m̃10 and
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we see that a reheating temperature of the order of 109 GeV requires sfermion masses in

the multi TeV range.
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Thanks to the natural prediction of a gravitino mass of at 
least 10 GeV the correct relic density is achieved in 
agreement with the constraints from thermal leptogenesis
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in the standard thermal leptogenesis scenarios [43]. We stress that this result is obtained

thanks to the natural prediction of TGM of a gravitino mass of the order of 10 GeV. On the

contrary theories based on standard (loop) gauge mediation predicts much lower reheating
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we see that a reheating temperature of the order of 109 GeV requires sfermion masses in

the multi TeV range.

– 15 –

Thermal leptogenesis requires multi-TeV sfermions.
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Conclusions
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TGM is a simple SUSY breaking scenario which guarantees flavor 
universality and a rather high gravitino mass. 

The model is naturally feasible in presence of a small amount of R-
parity violation.

 The presence of RPV opens new possibilities of detection of the 
gravitino DM.
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GRAVITINO AND SUSY BREAKING
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In a large class of theories SUSY is broken by the F-term of a chiral superfield and 
the breaking is communicated to the SM fields a scale M.

Contents

1 Introduction 1

2 SO(10) Tree Level Gauge Mediation 3

3 Gravitino Dark Matter with R-parity 5

4 Gravitino Dark Matter without R-parity 8

4.1 An R-parity violating SO(10) model 8

4.2 Cosmological analysis 11

5 Conclusions 16

A TGM dominance for sfermion masses 17

B Details of the SO(10) model 19

B.1 Symmetry breaking and doublet-triplet splitting 20

B.2 Yukawa sector in the pure embedding 21

B.3 Origin of the R-parity violating operators 23

1 Introduction

Low-energy supersymmetry (SUSY) provides an appealing framework for the origin of the

Dark Matter (DM) component of the energy density of the Universe. In the Minimal

Supersymmetric Standard Model (MSSM) only two particle states stand out for their

phenomenological viability: the neutralino and the gravitino.

In this work we investigate the case where the DM candidate is the gravitino with a

mass in a specific range dictated by Tree level Gauge Mediation (TGM) [1–3], a recently

proposed mechanism in which the breaking of SUSY is communicated to the soft scalar

masses by extra gauge interactions at the tree level.

The mass of the gravitino is particularly sensitive to the mechanism of SUSY breaking

and its mediation to the visible sector. In a large class of models SUSY is broken by the

F-term of a chiral superfield �Z� = Fθ2 and the breaking is communicated to the Standard

Model (SM) chiral superfields at the mediation scaleM . The two most popular mechanisms

of mediation of SUSY breaking are gravity and (loop) gauge mediation.

In the former case the scale M coincides with the Planck scale, MP . Then the soft

terms and the gravitino mass are expected to be of the order of F/MP , implying that the

gravitino is not always the LSP and its mass is comparable with msoft ∼ 1 TeV. On the

other hand, in theories based on loop gauge mediation the soft scale is

msoft ∼
α

4π

F

M
, (1.1)
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Gauge Mediation
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FIG. 13: Mass of the DM compared to the parameters m0 and m03 (upper panels) and the masses of t̃1 and b̃1 and
mτ̃1 for the points of our scan.

IX. SUMMARY TABLE OF BENCHMARK POINTS

benchmark mχ tanβ µ mt̃1
mb̃1

σ[pb] σSI Ωh2

ann15 275.3 43 1114 307 368 1.86 1.03× 10−45 0.106

ann21 782 18 1709 814 1886 1.67 5.7× 10−47 0.097

ann23 508 6.5 2602 681 541 2.48 1.16× 10−45 0.11

ann28 661 20 1582 701 702 16.2 7.6× 10−46 0.09

ann30 403 14 1667 432 506 8.03 1.84× 10−46 0.0599

ann35 343 7.3 387 653 839 27.6 2.35× 10−44 0.104

ann39 133.6 21 194 936 1098 13.1 2344× 10−44 0.097

TABLE VIII: Summary table of benchmark points

msoft ∼
F

MPl
(64)Gravity Mediation
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IX. SUMMARY TABLE OF BENCHMARK POINTS

benchmark mχ tanβ µ mt̃1
mb̃1

σ[pb] σSI Ωh2

ann15 275.3 43 1114 307 368 1.86 1.03× 10−45 0.106

ann21 782 18 1709 814 1886 1.67 5.7× 10−47 0.097

ann23 508 6.5 2602 681 541 2.48 1.16× 10−45 0.11

ann28 661 20 1582 701 702 16.2 7.6× 10−46 0.09

ann30 403 14 1667 432 506 8.03 1.84× 10−46 0.0599

ann35 343 7.3 387 653 839 27.6 2.35× 10−44 0.104
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TABLE VIII: Summary table of benchmark points

msoft ∼
F

MPl
(64)

m3/2 =
F√
3MPl

(65)Gravitino mass

Depending on the mechanism of SUSY breaking the gravitino mass ranges from 
very low values (typical of gauge mediation) to orders of 10-100 GeV (gravity 
mediation) or even much higher values (like in anomaly mediation).
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and

Γ(χ0
1 → γG̃) =

cos θW
2

48πM2
P

m5
χ0
1

m2
3/2

(3.4)

From these expressions we see that the NLSP decay can induce hadronic showers from the

decay of the Z boson. These are the ones which have the more deep impact on BBN and

then suffer the most severe bounds. These bounds are on the lifetime as well as on the

NLSP abundance and basically exclude all neutralinos with lifetime greater than 10−2 s

[13] .

The only possible way is provide by the presence of some mechanism responsible of

a suppression of the neutralino abundance hence limiting its impact on the BBN. One

of such mechanisms is the enhancement of the s-channel annihilation into a bottom pair

mediated by the CP-odd higgs, typically occuring at high values of tanβ, which is the

particularly strong in the region close to mA ∼ 2mχ where the annihilation cross section

might eventually become resonant. This scenario, as visible from fig.Fig. 3, can be realized

only if one deviates sensitively from the relation Eq. (2.5) and then we still refer TGM as

cosmologically disfavoured.
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Figure 3: Left panel: WMAP-7 value, within 1-σ devation, of the DM relic density (red

lines) for few values of the reheating temperature reported on the plot. The black lines

represent the WMAP value of the relic density in the case this is completely determined

by the non-thermal contribution. Blue dot-dashed lines are the contours of the NLSP

lifetime. Right panels: Points of the left plot which give a non thermal gravitino relic

density lower (red points) or within 1-sigma (green points) the WMAP-7 expectations.

The blue and the violet line represent, respectively, the BBN bound for a 100 GeV and 1

TeV decaying particle.

For definiteness we want to mention that by relaxing the condition Eq. (2.5) it is also

possible to realize scenarios with stau NLSP. These are obtained at high values of tanβ
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is given by the enhancement of the s-channel annihilation of neutralinos into a bottom
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enhancement is particularly strong in the region mA ∼ 2mχ, where the annihilation cross
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deviates sensibly from the relation Eq. (2.6) and hence in a region where standard (loop)

gauge mediation is the dominant mechanism for the sfermion mass generation.
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Figure 3: Left panel: WMAP-7 value of the non thermal contribution to the DM relic

density, within a 1-σ deviation. Blue dot-dashed lines represent the contours of the

NLSP lifetime. Right panel: points of the left panel plot which give a non-thermal grav-

itino relic density lower (red points) or within 1-σ (green points) with respect to the

WMAP-7 expectations. The blue and the violet lines represent, respectively, the BBN

bound for a 100 GeV and 1 TeV decaying particle [13, 16].

The second example is the case in which the NLSP is a stau. This is possible for high

values of tan β and η < 1. In this case the negative Yukawa corrections to the third family

sfermions, originating at high tan β, can drive the mass of the lightest stau below that of

the lightest neutralino. The stau mainly decays into a gravitino and a tau lepton with the

following rate [12]

Γ
(

τ̃ → τ G̃
)

=
1

48πM2
P

m5
τ̃

m2
3/2

, (3.4)

without producing hadronic showers. In this case the strongest BBN bounds are given by

the formation of bound states with Helium nuclei which can alter the primordial abundance

of Lithium. This process is referred as catalyzed BBN [17, 18] and implies an upper bound

of around 5× 103 s on the stau lifetime6. Given the rate Eq. (3.4) this translates into the

requirement of a stau mass greater than 200÷ 300 GeV.

6It should be mentioned that in settings with substantial left-right mixing of the stau mass eigenstates

the BBN bounds can be evaded even for higher lifetimes [19].
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that is

m̃10 ! 3.1M1/2 , (A.18)

for η = 1. From this relation it is evident that the NLSP is always the lightest gaugino if

TGM is the dominant mechanism generating sfermion masses.

Given M1/2 ! 0.4M3 from Eq. (A.11) and taking M3 ≈ mg̃, we arrive to the relation

m̃10 ! 1.2mg̃ , (A.19)

that, if substituted into Eqs. (A.12)–(A.16), yields the following bounds on the sfermion

masses as functions of the gluino mass mg̃:

m̃q > 1.2TeV
( mg̃

700GeV

)

, (A.20)

m̃uc > 1.2TeV
( mg̃

700GeV

)

, (A.21)

m̃ec > 1.0TeV
( mg̃

700GeV

)

, (A.22)

m̃dc > 1.4TeV
( mg̃

700GeV

)

, (A.23)

m̃! > 1.3TeV
( mg̃

700GeV

)

. (A.24)

B Details of the SO(10) model

In this Appendix we give the details of the SO(10) model presented in Sect. 4.1. For later

convenience let us set the following notation for the SM components of the SO(10) fields

relevant for the Yukawa sector

16F = (Dc ⊕ L)5−3
⊕ (uc ⊕ q ⊕ ec)10+1 ⊕ (νc)1+5 (B.1)

10F = (D ⊕ Lc)5−2 ⊕ (dc ⊕ #)5+2
(B.2)

16H = (T 16
d ⊕ h16d )5−3

⊕ (. . .)10+1 ⊕ (. . .)1+5 (B.3)

16H = (T 16
u ⊕ h16u )5+3 ⊕ (. . .)10−1

⊕ (. . .)1−5 (B.4)

10H = (T 10
u ⊕ h10u )5−2 ⊕ (T 10

d ⊕ h10d )5+2
(B.5)

where a self-explanatory SM notation is employed and the outer subscripts label the

SU(5) ⊗ U(1)X origin. The SU(2)L doublets decompose as q = (u ⊕ d), # = (ν ⊕ e),

L = (N ⊕ E), Lc = (Ec ⊕N c), hu = (h+u ⊕ h0u) and hd = (h0d ⊕ h−d ).

B.1 Symmetry breaking and doublet-triplet splitting

The set of Higgs fields 54H ⊕ 45H ⊕ 16H ⊕ 16H is sufficient in order to achieve a renormal-

izable12 breaking of SO(10) down to the SM (see e.g. Ref. [52] for the study of the vacuum

12With only 45H ⊕ 16H ⊕ 16H at play the requirement of a supersymmetric vacuum at the GUT scale

is such that the little group is SU(5) [48–50]. In order to reach the SM gauge group one can either relax

renormalizability [49] or add a 54H [48, 50]. Since the first option introduces a delicate interplay between

the GUT and the Planck scale which may be an issue for unification and proton decay (see e.g. Ref. [51]),

we choose the second option.
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For definiteness let us focus on a supersymmetric SO(10) model featuring the follow-

ing minimal set of Higgs representations: 54H ⊕ 45H ⊕ 16H ⊕ 16H ⊕ 10H7. As shown

in Appendix B this field content is sufficient in order to break SO(10) down to the SM at

the renormalizable level (cf. Appendix B.1) and to give mass to the SM fermions (cf. Ap-

pendix B.2). As already mentioned the MSSM matter superfields span over three copies of

16F ⊕ 10F in such a way that they are embedded in the SU(5) representations 10 ⊃ 16F
and 5 ⊃ 10F (cf. Eq. (2.2)). The conditions to be fulfilled in order to obtain such a “pure”

embedding are detailed in Appendix B.2.

The superpotential can be schematically written as

W = WH +WY + δWRPV , (4.3)

where WH and WY are the Higgs and the Yukawa components

WH = (µ54 + η5445H + λ5454H ) 542H + µ4545
2
H + (µ10 + λ1054H) 102H

+ (µ16 + λ1645H) 16H16H + λ16−1016
2
H10H + λ16−1016

2
H10H , (4.4)

WY = Y ij
1016

i
F 16

j
F 10H + Y ij

1616
i
F 10

j
F 16H +

(

M ij
10 + ηij45H + λij54H

)

10iF 10
j
F , (4.5)

while δWRPV is the R-parity violating piece

δWRPV =
(

µ̃i
10 + η̃i1045H + λ̃i

1054H
)

10iF 10H +
(

µ̃i
16 + λ̃i

1645H
)

16iF 16H

+ ρ̃i16iF 16H10H + σ̃i10iF 16H16H + σ̃
i
10iF 16H16H + Λ̃ijk16iF 16

j
F 10

k
F . (4.6)

Notice that without M-parity the separation between the F and the H superfields is some-

how artificial. However, since we consider δWRPV as a perturbation, we can still retain WH

responsible for the symmetry breaking and WY for the (charged fermions) Yukawa sector.

On the other hand the situation about neutrino masses is subtler, being RPV potentially

responsible for sizable contributions to them. We will comment later on the generation of

neutrino masses in our model.

In Appendix B.3 we provide an existence proof of the R-parity violating operators in the

MSSM effective theory. In order to obtain the low-energy superpotential one has to project

the operators of Eq. (4.6) on the representations containing the MSSM fields. Here we just

report the results of this operation leaving most of the technical details in Appendix B.3.

Bilinear R-parity violation in the effective superpotential is induceded by operators

containing just one F superfield in Eq. (4.6), leading to

W eff
RPV ⊃ µi &ihu , (4.7)

where the expression of µi in terms of the original couplings is given in Eq. (B.25).

Notice that in the “pure” matter embedding of TGM only some of the operators have

projections on the MSSM fields. In particular the trilinear operator relative to the coupling

7To be complete one should also add a 16′H ⊕ 16
′

H representation which is responsible for the SUSY

breaking [1]. For simplicity we will carry on our analysis in the supersymmetric limit, assuming that the

conclusions regarding the gauge symmetry breaking and the fermion mass spectrum are only marginally

affected by the SUSY breaking sector.
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Renormalizable Superpotential

+ Non-renormalizable term

Λ̃ijk does not contribute to the effective theory. On the other hand the phenomenological

viability of the model, within the minimal choice of representations at hand, requires the

presence of non-renormalizable operators (cf. again Appendix B). By relaxing renormaliz-

ability there is an additional source of R-parity violation given by the operator

Λ̃NR
ijk

MP
10iF 10

j
F 16

k
F

〈

16H
〉

⊃ λNR
ijk "i"je

c
k + λ′NR

ijk dci"jqk + λ′′NR
ijk dcid

c
ju

c
k , (4.8)

where

λNR
ijk =

1

2
λ′NR
ijk = λ′′NR

ijk =
Λ̃NR
ijk V 16

MP
≡ Λijk . (4.9)

Notice that the relation in Eq. (4.9) gives a correlation between the baryon (λ′′) and lepton

number (λ, λ′) violating couplings.

We should also mention that λ′′ receives an additional contribution when combining

the bilinear operators in Eq. (4.6) with the Yukawa ones. This is obtained by projecting

the Higgs fields on the heavy triplet components and integrating them out. This last

contribution, labeled λ′′
T , is shown explicitly in Eq. (B.29).

In the end the structure of the induced superpotential in the MSSM effective theory

is given by:

W eff
RPV = µi "ihu + λijk "i"je

c
k + λ′

ijk d
c
i"jqk + λ′′

ijk d
c
id

c
ju

c
k , (4.10)

where

λ = Λ , λ′ = 2Λ , λ′′ = Λ+ λ′′
T . (4.11)

The strongest constraints on the R-parity violating interactions are due to proton decay. In

particular this enforces severe bounds on the products of couplings λλ′′, λ′λ′′ (cf. e.g. [22]

for an exhaustive list). For kinematical reasons the most stringent ones apply to products

involving dominantly the first two light generation indices. For instance the process p →
π0e+ severely constrains the product

λ′
k11λ

′′
k11 ! 10−26

(

m̃

1 TeV

)2

, (4.12)

with k = 1, 2, 3 and m̃ being the sfermion mass scale. Though the extension of the analysis

at the one-loop level sets weaker bounds for the couplings relative to the second and third

generation [23], in our setup the structure of the trilinears is constrained by the GUT

symmetry which implies much stronger bounds with respect to the general case. The most

conservative bound on all the R-parity violating trilinear couplings in the presence of a

GUT relation such as that in Eq. (4.9) is given by [24]

Λ ! 10−10

(

m̃

1 TeV

)2

. (4.13)

Barring extremely accurate cancellations between the two unrelated components Λ and λT

in the expression for λ′′ (cf. Eq. (4.11)), the bound in Eq. (4.13) is automatically translated

onto λ and λ′.
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