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CMSSM-Like Models
Gaugino mass Unification

contain first derivatives of fields, we have

∂µ

(
∂LMSSM

∂ (∂µΦi)
δΦi

)
= ∂µ

(
∂Lsusy

∂ (∂µΦi)
δΦi

)
= ∂µ [Sµ

MSSM + Kµ] (20)

where we recall that ∂µ Kµ is the variation of Lsusy under an infinitesimal supersymmetry
transformation. Therefore

∂µKµ = δLsusy = δLMSSM − δLsoft = δLMSSM −
∂Lsoft

∂Φi
δΦi. (21)

Inserting this equation in eq. (20), and the resulting expression in eq. (19), we obtain

δLMSSM =

[
∂LMSSM

∂Φi
− ∂µ

∂LMSSM

∂ (∂µΦi)

]
δΦi + ∂µ Sµ

MSSM + δLMSSM −
∂Lsoft

∂Φi
δΦi, (22)

or

∂µ Sµ
MSSM =

{
∂Lsoft

∂Φi
−

[
∂LMSSM

∂Φi
− ∂µ

∂LMSSM

∂ (∂µΦi)

]}
δΦi (23)

Inserting this expression in eq. (17), we rewrite the interaction lagrangian between the
MSSM and the light gravitino as

Lint, eff =
i√

3 m3/2 MP

χ̄

{
∂Lsoft

∂Φi
−

[
∂LMSSM

∂Φi
− ∂µ

∂LMSSM

∂ (∂µΦi)

]}
δΦi + h. c. (24)

As we prove in Appendix B, the part in square parenthesis does not contribute to the
amplitudes of physical processes having one light gravitino in the initial or final state (in
short, one can take the on shell expression for ∂µ Sµ

MSSM, since the term in square parenthesis
vanishes on shell; notice that the procedure just outlined provides the on-shell expression
of ∂µ Sµ

MSSM without the need to explicitly work out the equations of motion of the fields
entering in the supercurrent). Namely:

Lint, eff =
i√

3m3/2 MP

χ̄
∂Lsoft

∂Φi
δΦi + h. c. (25)

This is the effective theory for the MSSM-light gravitino interaction in non-derivative form.
To get an explicit expression, we recall the MSSM superpotential and soft supersymmetry
breaking Lagrangian:

W = huH2Quc + hdH1Qdc + heH1Lec + µH2H1 (26)

Lsoft = −
1

2
Mαλαλα − m2

ijφ
i∗φj (27)

−AuhuH2Quc − AdhdH1Qdc − AeheH1Lec − BµH2H1 + h.c.

where generation indices on the matter fields have been supressed. From this, we find

iLint, eff =
i m2

ij√
3MP m3/2

(
χ̄ χi

L φ∗j − χ̄i
L χ φj

)
−

i√
3MP m3/2

[
AjWj,i χ̄ χi

L − (AjWj,i)
∗ χ̄i

L χ
]

−
Mα

4
√

6MP m3/2

F (α)a
µν χ̄ [γµ, γν ] λ(α)a −

i gα Mα√
6MP m3/2

(
φ∗i T a

ij φj
)
χ̄ γ5 λ(α)a (28)
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in Section 6.1 the implications of removing the (g − 2)µ

constraint. We also discuss the predictions of our fits for
BR(b → sγ), Ωχh2 and Mh, presenting the likelihood
functions for each of these observables without their own
contributions. None of these observables exhibits any sig-
nificant tension with the others.

2 Description of the Frequentist Statistical
Method Employed

We define a global χ2 likelihood function, which combines
all theoretical predictions with experimental constraints:

χ2 =
N

∑

i

(Ci − Pi)2

σ(Ci)2 + σ(Pi)2

+ χ2(Mh) + χ2(BR(Bs → µµ))

+ χ2(SUSY search limits)

+
M
∑

i

(fobs
SMi

− ffit
SMi

)2

σ(fSMi
)2

(1)

Here N is the number of observables studied, Ci repre-
sents an experimentally measured value (constraint) and
each Pi defines a prediction for the corresponding con-
straint that depends on the supersymmetric parameters.
The experimental uncertainty, σ(Ci), of each measure-
ment is taken to be both statistically and systematically
independent of the corresponding theoretical uncertainty,
σ(Pi), in its prediction. We denote by χ2(Mh) and
χ2(BR(Bs → µµ)) the χ2 contributions from the two mea-
surements for which only one-sided bounds are available
so far, as discussed below. Furthermore we include the
lower limits from the direct searches for SUSY particles
at LEP [64] as one-sided limits, denoted by “χ2(SUSY
search limits)” in eq. (1).

We stress that, as in [4,53], the three standard model
parameters fSM = {∆αhad, mt, MZ} are included as fit
parameters and allowed to vary with their current exper-
imental resolutions σ(fSM). We do not include αs as a fit
parameter, which would have only a minor impact on the
analysis.

Formulating the fit in this fashion has the advantage
that the χ2 probability, P (χ2, Ndof), properly accounts
for the number of degrees of freedom, Ndof , in the fit and
thus represents a quantitative and meaningful measure for
the “goodness-of-fit.” In previous studies [53], P (χ2, Ndof)
has been verified to have a flat distribution, thus yielding
a reliable estimate of the confidence level for any par-
ticular point in parameter space. Further, an important
aspect of the formulation is that all model parameters
are varied simultaneously in the MCMC sampling, and
care is exercised to fully explore the multi-dimensional
space, including possible interdependencies between pa-
rameters. All confidence levels for selected model param-
eters are performed by scanning over the desired parame-
ters while minimizing the χ2 function with respect to all

other model parameters. That is, in order to determine
the function χ2(x) for some model parameter x, all the
remaining free parameters are set to values corresponding
to a new χ2 minimum determined for fixed x. The function
values where χ2(x) is found to be equal to χ2

min +∆χ2 de-
termine the confidence level contour. For two-dimensional
parameter scans we use ∆χ2 = 2.28(5.99) to determine
the 68%(95%) confidence level contours.

Only experimental constraints are imposed when de-
riving confidence level contours, without any arbitrary
or direct constraints placed on model parameters them-
selves.3 This leads to robust and statistically meaning-
ful estimates of the total 68% and 95% confidence levels,
which may be composed of multiple separated contours.
Finally, the sensitivity of the global fit to different con-
straint scenarios can be studied by removing one of the
experimental constraints or by rescaling one of the exper-
imental uncertainties, as discussed in Sect. 3 in [4]. Stud-
ies of such scenarios are particularly helpful in identifying
which experimental data are most useful in constraining
the theoretical model and hence in precisely studying how
hyper-volumes in parameter space become more tightly
constrained (either now or in the future).

Since each new scenario in which a parameter is re-
moved or an uncertainty re-scaled represents, fundamen-
tally, a new χ2 function which must be minimized, mul-
tiple re-samplings of the full multi-dimensional param-
eter space are, in principle, required to determine the
most probable fit regions for each scenario. However, these
would be computationally too expensive. To avoid this dif-
ficulty, we exploit the fact that independent χ2 functions
are additive and result in a well defined χ2 probability.
Hence, we define “loose” χ2 functions, χ2

loose, in which the
term representing some constraint, e.g., ΩCDM, is removed
from the global χ2 function. The χ2

loose function represents
the likelihood that a particular set of model parameter val-
ues is compatible with a sub-set of the experimental data
constraints, without any experimental knowledge of the
removed constraint.

An exhaustive, and computationally expensive, 25 mil-
lion point pre-sampling of the χ2

loose function is then per-
formed in the full multi-dimensional model parameter
space using a MCMC. Constraint terms representing the
various experimental scenarios are then re-instated or re-
moved to form different χ2 functions, one for each scenario
studied. If the scenario requires an additional constraint
to be removed from the χ2

loose function, the density of
points pre-sampled for the χ2

loose function was carefully
tested and verified to also be an unbiased and sufficiently
complete sampling of the studied model parameter space
for the full χ2 function by using dedicated MCMC sam-
ples of approximately one million sampling points each,
where the particular constraint in question was removed.

3 For reasons of stability of higher-order contributions, we
limit the range of tanβ to values below tanβ = 60. As ex-
plained in Section 3 below, we furthermore impose a cut on
parameter regions where the higher-order corrections relating
the running mass to the on-shell mass of the pseudo-scalar
Higgs boson get unacceptably large.

Multinest



Δχ2 map of m0 - m1/2 plane

CMSSM

2 r
6

0

5

10

15

20

25

]2 [GeV/c0m
0 500 1000 1500 2000 2500

]2
 [G

eV
/c

1/
2

m

0

500

1000

1500

2000

2500

Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer, 
Isidori, Olive, Ronga, Weiglein	

Mastercode

2009



Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer, 
Isidori, Olive, Paradisi, Ronga, Weiglein	

Elastic cross section from 
MCMC analysis

]2 [cmSI
pm

-4810 -4710 -4610 -4510 -4410 -4310 -4210 -4110 -4010

2 r
6

0
1
2
3
4
5
6
7
8
9



Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer, 
Isidori, Olive, Paradisi, Ronga, Weiglein	

Elastic cross section from 
MCMC analysis

]2 [cmSI
pm

-4810 -4710 -4610 -4510 -4410 -4310 -4210 -4110 -4010

2 r
6

0
1
2
3
4
5
6
7
8
9 1-

CL

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

]2 [GeV/c0
1χ

m
210 310

]2
 [c

m
SI p

σ

-4810

-4710

-4610

-4510

-4410

-4310

-4210

-4110

-4010

~



Δχ2 map of m0 - m1/2 plane

CMSSM
Bagnaschi, Buchmueller, Cavanaugh, Citron, De Roeck, Dolan, 
Ellis, Flacher, Heinemeyer, Isidori, Malik, Martinez Santos, 
Olive, Sakurai, de Vries, Weiglein	

Mastercode

2015

Low mass  
spectrum  

still observable  
at LHC

14 TeV 3000 fb-1

8 TeV 20 fb-1



CMSSM
Bagnaschi, Buchmueller, Cavanaugh, Citron, De Roeck, Dolan, 
Ellis, Flacher, Heinemeyer, Isidori, Malik, Martinez Santos, 
Olive, Sakurai, de Vries, Weiglein	

Mastercode

2015

Elastic scaterring cross-section



CMSSM
Bagnaschi, Buchmueller, Cavanaugh, Citron, De Roeck, Dolan, 
Ellis, Flacher, Heinemeyer, Isidori, Malik, Martinez Santos, 
Olive, Sakurai, de Vries, Weiglein	

Mastercode

2015

Elastic scaterring cross-section

New LUX bound



CMSSM
Bagnaschi, Buchmueller, Cavanaugh, Citron, De Roeck, Dolan, 
Ellis, Flacher, Heinemeyer, Isidori, Malik, Martinez Santos, 
Olive, Sakurai, de Vries, Weiglein	

Mastercode

2015

Elastic scaterring cross-section

New LUX bound

+PandaX



Stop strip

!
100 TeV 3000 fb-1!
33 TeV 3000 fb-1!
14 TeV 3000 fb-1!

14 TeV 300 fb-1!

8 TeV 20 fb-1

1.0 3 5 7.0 9.0
0

10

 20

0.0
1

0.0
1

0.0
1

0.0
1

0.0
5

0.0
5

0.0
5

0.05

0.0
66

0.066

0.066

0.1

0.1

0.5

0.5
1

122
122

122

12
2

122

122

122

12
2

122
122

122122

122
122

122

122

123

123

123

123

12
3

123

123
123

123

123

123

123123

123
123

123

123

123
123

123

123

124

124

124 124

124

12
4

124

124

124

124

124

124

124
124

124

124124

124

124
124

124

124
124

124
125

12
5

125
125

125 125

125

125

12
5

12
5

125
125

125

125

12
5 125

125

125
125

125
125

12
6

126

12
6 126

126 126

126

126

126
126

126

126
12
6

126

126

126

126

126

126
126

126

126

126
126

126
127

127

127

127

127127

127

127

127 127

127

127
12
7

127
127

12
7

1271
27

127

127

127

127

127

127

127

127

127
128

128

128

128

128 128

128

128

128
128

128

128

128

128

128

128

128

128
128

128
128

128

128

128

128128

128

128
128

129

129

129 129

129 129

129 129

129

129 129

129

129

12
9

129

129

129

129

129

129

129

129
129

129

129
129

129

129
129

129

13
0

130

130

130

130 130

130

130
130

130

130 130

130
130130

130 130
130

130

130 130

130

130

130

130

130

130 130
130

130
130

130

130

130

130
130

130
130131

131

131

131

131
131

131

131

131

131

131
131

131

131
131

131

131 131

131

131 131

131

131
131

131131

131 131131 131 131

131 131 131 131

131

131
131 131

1.0 3.0 5.0 7.0 9.0

m 0
 (T

eV
)

m1/2 (TeV)

tan β  = 6, A0 = -4.2 m0, µ < 0

122

124

0.01
0.05

0.066

123
0.1

0.5

1.0
125

126

X

Ellis, Evans, Mustafayev, Nagata, Olive



Focus Point

Ellis, Evans, Mustafayev, Nagata, Olive

10 15
0

20

30

0.0
1

0.05

0.05

0.05

0.0
66

0.06
6

0.066

0.1

0.1

0.1

0.1

0.5

0.5

0.5

1
1

1

5

5

5

10

10

10

50 50

100

122

124124

124

124 124 124

125

125

125

125125 125
125

125

125

125 125

125

12
5

125

125125

125 125

126 126126
126 126

126

126
126126

126

126

126126

127
127127

127
127

127127

127 127
127

127127
127127

128
128128

128128
128128 128

128 128
128 128

128
129 129

129129
129

129
129129

129

129
129

129

129 129130
130130

130 130130
130

130
130131

131131
131

131

10

5

m 0
 (T

eV
)

m1/2 (TeV)

tan β  = 5, A0 = 0, µ > 0

122
124

0.01

0.05

0.066
123

0.1

0.5

125

126
!
100 TeV 3000 fb-1!
33 TeV 3000 fb-1!
14 TeV 3000 fb-1!

14 TeV 300 fb-1!

8 TeV 20 fb-1



Direct detectability

Ellis,Evans, Nagata, Olive, 
Sandick, Zheng

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê Ê Ê

ÊÊÊ

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê Ê

ÊÊ
Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê Ê

Ê
Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê Ê
Ê

ÊÊÊ
ÊÊ

Ê
Ê Ê

Ê

ÊÊ

Ê
Ê Ê ÊÊ

Ê Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê
ÊÊÊ

Ê

ÊÊ
Ê Ê

Ê
Ê

Ê
Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ Ê Ê

Ê
Ê Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê
ÊÊ
Ê Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê
Ê

ÊÊÊ
Ê

Ê
Ê ÊÊ

Ê
Ê ÊÊ ÊÊ Ê ÊÊÊÊ

Ê

Ê Ê

Ê

ÊÊ Ê

Ê Ê

Ê

ÊÊÊ ÊÊÊÊÊ ÊÊÊÊÊ ÊÊÊÊÊ
Ê

Ê
Ê

Ê

ÊÊÊ
Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê Ê

ÊÊ

Ê

Ê

Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

ÊÊ

Ê

Ê Ê

Ê

ÊÊ

Ê

Ê

ÊÊ

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

ÊÊ
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

ÊÊÊ
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

ÊÊÊ
Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

ÊÊ

Ê
ÊÊ

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê
ÊÊÊ
ÊÊÊ
Ê ÊÊÊ
ÊÊ ÊÊÊ

Ê

ÊÊÊÊÊ ÊÊ
ÊÊ ÊÊÊ
ÊÊÊÊÊÊÊÊÊÊÊÊ

200 400 600 800 1000 120010-13

10-12

10-11

10-10

10-9

10-8

10-7

mc HGeVL

s
SI
HpbL

tanb=5, A0êm0=0, Min=MGUT, m>0

Ê
ÊÊÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê
Ê

ÊÊÊÊÊ

Ê

ÊÊ

Ê
ÊÊ

Ê
Ê
Ê

Ê

Ê

Ê

Ê
ÊÊ ÊÊÊ
Ê

Ê
Ê

ÊÊ
Ê
ÊÊÊ
Ê
Ê

Ê

ÊÊ
ÊÊ

Ê Ê
Ê

ÊÊ
Ê
ÊÊÊÊ ÊÊ

Ê

Ê

ÊÊÊ Ê

500 1000 1500 2000 2500 300010-14

10-12

10-10

10-8

mc HGeVL

s
SI
HpbL

tanb=5, A0êm0=2.3, Min=MGUT, m>0

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê Ê
Ê

ÊÊÊ
ÊÊ

Ê
Ê Ê

Ê

ÊÊ

Ê
Ê Ê ÊÊ

Ê Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê
ÊÊÊ

Ê

ÊÊ
Ê Ê

Ê
Ê

Ê
Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ Ê Ê

Ê
Ê Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê
ÊÊ
Ê Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê
Ê

ÊÊÊ
Ê

Ê
Ê ÊÊ

Ê
Ê ÊÊ ÊÊ Ê ÊÊÊÊ

Ê

Ê Ê

Ê

ÊÊ Ê

Ê Ê

Ê

ÊÊÊÊ ÊÊÊÊÊ
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê Ê Ê

ÊÊÊ

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê Ê

ÊÊ
Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê Ê

Ê
Ê

Ê
Ê

ÊÊ
Ê

Ê
Ê

ÊÊÊ ÊÊÊÊÊ Ê

ÊÊ
Ê

Ê

ÊÊÊ
Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê Ê

ÊÊ

Ê

Ê

Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

ÊÊÊ
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

ÊÊÊ
Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

ÊÊ

Ê
ÊÊ

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
ÊÊ

ÊÊÊÊÊÊÊ
Ê

Ê
ÊÊ

Ê

ÊÊ

Ê

Ê Ê

Ê

ÊÊ

Ê

Ê

ÊÊ

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê

Ê Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê
Ê Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

ÊÊ
Ê

Ê

Ê

Ê
Ê

Ê Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê

Ê
ÊÊÊ
Ê ÊÊÊ
ÊÊ ÊÊÊ

Ê

ÊÊÊÊÊ ÊÊ
ÊÊ ÊÊÊ
ÊÊÊÊÊ

200 400 600 800 1000 120010-13

10-12

10-11

10-10

10-9

10-8

10-7

mc HGeVL

s
SI
HpbL

tanb=5, A0êm0=0, Min=MGUT, m>0

Ê
ÊÊÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

ÊÊÊÊ
Ê

ÊÊ

Ê

Ê
ÊÊ

Ê Ê
Ê

ÊÊÊÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê
Ê

ÊÊÊÊÊ

Ê

ÊÊ

Ê
ÊÊ

Ê
Ê
Ê

Ê

Ê

Ê

ÊÊ ÊÊÊ
Ê

Ê
Ê

Ê

Ê
Ê
Ê
ÊÊÊÊ

Ê

Ê

ÊÊÊ Ê Ê
ÊÊ
ÊÊÊ Ê

Ê Ê

500 1000 1500 2000 2500 300010-14

10-12

10-10

10-8

mc HGeVL

s
SI
HpbL

tanb=5, A0êm0=2.3, Min=MGUT, m>0

Figure 3: The spin-independent elastic scattering cross section in the CMSSM as a function
of the neutralino mass for µ > 0, with tan � = 5 and A0 = 0 (left) and A0 = 2.3m0 (right).
The upper panels show points where the relic density is within 3� of the central Planck value
colored darker blue, and those where the relic density is below the Planck value as lighter blue
points. The lower panels show the same set of points colored according to the calculation of
the Higgs mass: 124–126 GeV (darkest), 123–124 and 126–127 GeV (lighter), 122–123 and
127–128 GeV (lightest). The black solid curve is the current LUX bound. The black dashed
curve is the projected LZ sensitivity and the dashed orange curve is the neutrino background
level.

value are colored darker green in the upper panels, and those where the relic density is below
the Planck value as lighter green points, and the other points and shadings are identical to
those in the previous two figures. Here the thick black solid curve is the upper limit from
PICO [101] and the thin curves are obtained from IceCube [102] limits based on annihilations
into bb̄ pairs (solid) or W+W� pairs (dashed). For the focus-point models, annihilations
proceed primarily into electroweak gauge bosons, or hZ final states with some non-negligible
contributions from tt̄, for which the W+W� may be applicable. Models with A0 = 0 lie just
below the current bounds again because of the highly-mixed nature of the LSP, whilst the
models with A0 = 2.3m0 predict cross section far below these bounds.
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Other Possibilities

NUHM1,2:  m12 = m22 ≠ m02, m12 ≠ m22 ≠ m02 

μ and/or mA free 

NUGM 

gluino coannihilation 

subGUT models: Min < MGUT 

new parameter Min 

SuperGUT models: Min > MGUT  

requires SU(5) input couplings

Less Constrained (more parameters)

Talk by Jason Evans



Other Possibilities

Pure Gravity Mediation 

2 parameter model with very large scalar masses 

m0 = m3/2, tan β 

mAMSB 

similar to PGM, but allow m0 ≠ m3/2 

mSUGRA 

B0 = A0 - m0 ⇒ tan β no longer free 

!

More Constrained (fewer parameters)



Pure Gravity Mediation
Two parameter model! 

m0 = m3/2; tan β (requires GM term to insure B0 = -m0) 

gaugino masses (and A-terms) generated through 
loops 

!

!

!

⇒ Push towards very large masses

M1 =
33
5

g2
1

16⇡2
m3/2 ,

M2 =
g2
2

16⇡2
m3/2 ,

M3 = �3
g2
3

16⇡2
m3/2 .

Evans,Ibe,Olive,Yanagida

Ibe,Moroi,Yanagida 
Ibe,Yanagida 

Ibe,Matsumoto,Yanagida



The sfermion and  gravitino have masses O(100) TeV. 

The higgsino and the heavier Higgs boson also have 
masses O(100) TeV. 

The gaugino masses are in the range of  hundreds to 
thousands of GeV. 

The LSP is the neutral wino which is nearly degenerate 
with the charged wino. 

The lightest Higgs boson mass is consistent with the 
observed Higgs-like boson, i.e. mh ~ 125 - 126 GeV.

Pure Gravity Mediation



Pure Gravity Mediation

Higgs Mass Neutralino mass

m h (
Ge

V)

tan β
1 2 3 4

115

120

130

125

100 TeV

60 TeV

800 TeV
1 PeV

400 TeV

200 TeV

No Electroweak Symmetry Breaking

Top Yukawa non-perturbative

300 TeV

m3/2 = 600 TeV

1.5 PeV

m χ
 (G

eV
)

tan β

No Electroweak Symmetry Breaking

Top Yukawa non-perturbative

1 2 3
0

1000

2000

3000

60 TeV

100 TeV

200 TeV

300 TeV

m3/2 = 400 TeV

4

Evans,Ibe,Olive,Yanagida



PGM with small μ 
Higgsino DM

NUHM1-like model;  use EWSB conditions to 
determine m1 = m2 ≠ m3/2 
!
μ, tan β, m3/2 free;  m1 = m2, cH (GM term)  

 fixed by EWSB

Can drop cH, and allow m1 ≠ m2,  
but no viable Higgsino DM

Can drop μ, and allow m1 ≠ m2, (μ = cH m3/2, B0 = 2 m3/2)  
but no viable Higgsino DM

Evans,Ibe,Olive,Yanagida
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Wino DM

Higgsino DM

full universality

PGM



Even Larger Mass Scales

What if the entire SUSY matter spectrum were very 
large 
!
with only the gravitino remaining “light”

Supersplit Supersymmetry

1 parameter model: m3/2

Benakli, Chen, Dudas, Mambrini	
Dudas, Mambrini, Olive



Gravitino Mass Limits

For m3/2 ~ 10-1000 GeV 

Gravitino decays to the LSP/NLSP decays to the gravitino:

Lifetimes 100-108 s ⇒ BBN limits

2

given by [14, 15, 31]

�decay ' C2

16⇡

m5
�

m2
3/2M

2
P

(1)

where C depends on the neutralino diagonalization ma-
trix and we have ignored phase space factors (and other
factors of O(1)). In the case of a gravitino LSP, there
are typically strong constraints on the SUSY parameter
space forcing one into regions where the NLSP is the tau
slepton [28, 29].

The BBN constraints begin to be relaxed when the
lifetime of the NLSP becomes less than O(100) s [26, 27],
and for a neutralino NLSP, we can use Eq.(1) to obtain
a relation between the neutralino and gravitino masses,

⌧� . 100 s. ) m� > 300 GeV
⇣m3/2

GeV

⌘2/5
(2)

for C ⇠ 1. Thus avoiding the limits from BBN will re-
quire a rather heavy SUSY spectrum for TeV scale (and
above) gravitino masses. We note that the relaxation
of the BBN bound at 100 s requires satisfying the upper
bound on the density of decaying particles of roughly [26],
m�n�/n� . 7⇥ 10�9 GeV. If we exceed this density, we
must use the more strict BBN bound of ⌧� . 0.1s. In
this case, the lower limit on m� in Eq.(2) is increased by
a factor of ⇠ 4.

In addition to the BBN constraints, there is an ad-
ditional constraint coming from the relic density of the
NLSP whose decay contributes to the relic density of
gravitinos [21–23]. The gravitino relic density from NLSP
decays can be written simply as

⌦3/2h
2 =

m3/2

m�
⌦�h

2 (3)

and thus the NLSP relic density is limited by

⌦�h
2 . 0.12

m�

m3/2
(4)

where 0.12 is the approximate upper limit on the cold
dark matter density from PLANCK experiment [32]. As
long as m� is not much greater than m3/2, the NLSP
density is constrained to be near the cold dark matter
density. Even in the event that m� � m3/2, the relic
density of the NSLP is still constrained by the BBN un-
less its lifetime is very short (< 0.1 s) as noted above.

Thus as we attempt to increase the mass of a gravitino
LSP, we are forced to higher NLSP masses to insure both
a relatively short lifetime and low relic density. For ex-
ample, for m3/2 = 2 TeV, we must require m� & 6 TeV
(20 TeV) to obtain ⌧� < 100 s (< 0.1s). Generally, it
is very di�cult to obtain an acceptable neutralino relic
density when the neutralino masses surpass the TeV scale
[6, 7]. In particular, the neutralino relic density in the
TeV regime must be regulated by either some strong res-
onant process or co-annihilation. Indeed, the strongest

such process involves the co-annihilation with the gluino
[33–36]. Pushing the mass scales to their limit (when the
neutralino and gluino masses are degenerate), an upper
limit to the neutralino mass of roughly 8 TeV was found
[34–36]. This translates (using Eq. 2) to an upper bound
on the gravitino mass of roughly m3/2 < 4 TeV.

III. HIGH SCALE SUSY BREAKING AND
INFLATION - EEV SCALE GRAVITINOS

A. High scale SUSY

In order to go beyond the derived upper limit on the
gravitino mass of 4 TeV, we must make a more substan-
tial departure from the common paradigm of weak scale
supersymmetry. In this section, we consider the possibil-
ity for a higher gravitino masses along with a very high
SUSY breaking scale, leaving only the gravitino surviving
at low energies as a dark matter candidate.

As we demonstrated in the previous section, a grav-
itino mass in excess of 4 TeV, would require a SUSY
spectrum in excess of 8 TeV in order to obtain NLSP
lifetimes short enough to be compatible with constraints
from BBN. However, even in the limit of degenerate neu-
tralinos and gluinos, strong co-annihilations are insu�-
cient to lower the NLSP relic density to acceptable lev-
els. Further increasing the SUSY mass scale, weakens
the interaction strengths, lowering the annihilation (and
co-annihilation) cross sections, leading to an overabun-
dance. Without resorting to some unknown form of dilu-
tion, one possibility for larger gravitino masses is to move
the SUSY matter spectrum to such high scales, so that
SUSY particles were never part of the thermal bath after
inflation.

To completely remove the supersymmetric particle
spectrum from the thermal history, we must assume that
the SUSY mass spectrum is larger than both the in-
flationary reheating temperature, TR, and the inflaton
mass, m�, so as to prevent SUSY particles from being
produced by either thermal processes during reheating
or by the decay of the inflaton. Here, we will not tie our-
selves to a particular inflationary model, but note that
in many models considered, the inflaton mass is set by
amplitude of density perturbations seen in the microwave
background, and yields a value of roughly 3⇥ 1013 GeV.
When we need to refer to a specific example, we consider
a no-scale supergravity model of inflation [37] which leads
to Starobinsky-like inflation [38].

If we denote as F the order parameter for supersym-
metry breaking, then typical soft SUSY masses will be
proportional to F ,

MSUSY =
F

⇤mess
(5)

where ⇤mess is the mass scale associated with the medi-

NLSP → gravitino + γ



Gravitino Mass Limits

Figure 32: Contours of constant D/H on the τX vs. EvisYX plane for mX = 1 TeV. Here
we take Bh = 1, Evis = mX , and X is assume to decay into two hadronic jets with
2Ejet = mX . Here, we take η = 6.1 × 10−10. In the SBBN, the theoreical predication is
(D/H)SBBN = 2.78 × 10−5.

For 6Li, we include the non-thermal secondary production process discussed in the previous
section and hence we obtain

dn6Li

dt
=

[

dn6Li

dt

]

SBBN

+

[

dn6Li

dt

]

photodis

+

[

dn6Li

dt

]

γ+αBG→T/3He+···

+ BhnXΓXξ
(T,3He)
6Li .

(9.5)

Here, the terms with the subscript “SBBN” represent the SBBN contributions to the
Boltzmann equations (including the effect of the cosmic expansion).

In order to solve these equations, as we mentioned, we have modified the Kawano
Code (Version 4.1, with the nuclear cross sections being updated), including the new sub-
routines which take account of photodissociation, inter-conversion, and hadrodissociation
processes. The photodissociation and hadrodissociation processes included in our analysis
are summarized in Tables 2, 3, and 4. In addition, our treatments of the inter-conversion
and non-thermal production of Li are discussed in Sections 6 and 8, respectively.

9.2 Predicted light-element abundances

To see how the abundances of the light elements behave, we estimated the light-element
abundances using the center values of the cross sections and model parameters. In Figs.
32, 33, 34, 35 and 36, we plot contours of D/H, 3He/D, Yp, 6Li/H, and 7Li/H, in (τX ,

55
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2.75 x 10-10

1.0 x 10-9

1.0

3.0 x 10-9

Figure 4: Plots of abundance versus lifetime for metastable particles X with lifetimes τX be-
tween 1 and 1010 sec, assuming a generic decay spectra calculated for mX = 1 TeV, assuming
fully hadronic decays, Bh = 1. The X abundance before decay is given by ζX = mXnX/nγ

(eq. 10). The white regions in each panel are those allowed at face value by the ranges of the
light-element abundances reviewed in Section 2.1, whilst the yellow, red and magenta regions
correspond to progressively larger deviations from the central values of the abundances.

weaker, especially at low to intermediate lifetimes. These results are similar to those found

in [20], and again agree quite well the results in [27], but are weaker at higher lifetimes than

the results found in [22].

We next show results for a generic decay based on a specific gravitino decay spectrum.

These are shown in Figs. 6–9. These also plot abundance contours as a function of ζX

and τX , all for decay spectra corresponding to (m1/2, m3/2, tanβ) = (300 GeV, 500GeV, 10).

Fig. 6 shows the constraints when the effects of both hadronic and electromagnetic decays are

included. To give a sense of how the various decay modes contribute, Fig. 7 shows constraints

when hadronic effects are omitted, and only electromagnetic decays are included. Figs. 8

(Fig. 9) both omit effects of electromagnetic decays, and include only hadronic decays to

neutrons (protons).

The basic features of these plots are similar to those found in previous work, but for

completeness we summarize them here. In all plots, we see that at low ζX , all constraints

are satisfied except for 7Li. This is reasonable, as in the limit of ζX → 0 we recover the

standard BBN abundances, which agree well with observations except for the 7Li problem

24

Kawasaki, Kohri, Moroi Cyburt, Ellis, Fields, Luo, Olive, Spanos

τχ ≾ 100 s ⇒ mχ > 300 GeV (m3/2/GeV)2/5



Gravitino Mass Limits

Relic Density:

2

given by [14, 15, 31]

�decay ' C2

16⇡

m5
�

m2
3/2M

2
P

(1)

where C depends on the neutralino diagonalization ma-
trix and we have ignored phase space factors (and other
factors of O(1)). In the case of a gravitino LSP, there
are typically strong constraints on the SUSY parameter
space forcing one into regions where the NLSP is the tau
slepton [28, 29].

The BBN constraints begin to be relaxed when the
lifetime of the NLSP becomes less than O(100) s [26, 27],
and for a neutralino NLSP, we can use Eq.(1) to obtain
a relation between the neutralino and gravitino masses,

⌧� . 100 s. ) m� > 300 GeV
⇣m3/2

GeV

⌘2/5
(2)

for C ⇠ 1. Thus avoiding the limits from BBN will re-
quire a rather heavy SUSY spectrum for TeV scale (and
above) gravitino masses. We note that the relaxation
of the BBN bound at 100 s requires satisfying the upper
bound on the density of decaying particles of roughly [26],
m�n�/n� . 7⇥ 10�9 GeV. If we exceed this density, we
must use the more strict BBN bound of ⌧� . 0.1s. In
this case, the lower limit on m� in Eq.(2) is increased by
a factor of ⇠ 4.

In addition to the BBN constraints, there is an ad-
ditional constraint coming from the relic density of the
NLSP whose decay contributes to the relic density of
gravitinos [21–23]. The gravitino relic density from NLSP
decays can be written simply as

⌦3/2h
2 =

m3/2

m�
⌦�h

2 (3)

and thus the NLSP relic density is limited by

⌦�h
2 . 0.12

m�

m3/2
(4)

where 0.12 is the approximate upper limit on the cold
dark matter density from PLANCK experiment [32]. As
long as m� is not much greater than m3/2, the NLSP
density is constrained to be near the cold dark matter
density. Even in the event that m� � m3/2, the relic
density of the NSLP is still constrained by the BBN un-
less its lifetime is very short (< 0.1 s) as noted above.

Thus as we attempt to increase the mass of a gravitino
LSP, we are forced to higher NLSP masses to insure both
a relatively short lifetime and low relic density. For ex-
ample, for m3/2 = 2 TeV, we must require m� & 6 TeV
(20 TeV) to obtain ⌧� < 100 s (< 0.1s). Generally, it
is very di�cult to obtain an acceptable neutralino relic
density when the neutralino masses surpass the TeV scale
[6, 7]. In particular, the neutralino relic density in the
TeV regime must be regulated by either some strong res-
onant process or co-annihilation. Indeed, the strongest

such process involves the co-annihilation with the gluino
[33–36]. Pushing the mass scales to their limit (when the
neutralino and gluino masses are degenerate), an upper
limit to the neutralino mass of roughly 8 TeV was found
[34–36]. This translates (using Eq. 2) to an upper bound
on the gravitino mass of roughly m3/2 < 4 TeV.

III. HIGH SCALE SUSY BREAKING AND
INFLATION - EEV SCALE GRAVITINOS

A. High scale SUSY

In order to go beyond the derived upper limit on the
gravitino mass of 4 TeV, we must make a more substan-
tial departure from the common paradigm of weak scale
supersymmetry. In this section, we consider the possibil-
ity for a higher gravitino masses along with a very high
SUSY breaking scale, leaving only the gravitino surviving
at low energies as a dark matter candidate.

As we demonstrated in the previous section, a grav-
itino mass in excess of 4 TeV, would require a SUSY
spectrum in excess of 8 TeV in order to obtain NLSP
lifetimes short enough to be compatible with constraints
from BBN. However, even in the limit of degenerate neu-
tralinos and gluinos, strong co-annihilations are insu�-
cient to lower the NLSP relic density to acceptable lev-
els. Further increasing the SUSY mass scale, weakens
the interaction strengths, lowering the annihilation (and
co-annihilation) cross sections, leading to an overabun-
dance. Without resorting to some unknown form of dilu-
tion, one possibility for larger gravitino masses is to move
the SUSY matter spectrum to such high scales, so that
SUSY particles were never part of the thermal bath after
inflation.

To completely remove the supersymmetric particle
spectrum from the thermal history, we must assume that
the SUSY mass spectrum is larger than both the in-
flationary reheating temperature, TR, and the inflaton
mass, m�, so as to prevent SUSY particles from being
produced by either thermal processes during reheating
or by the decay of the inflaton. Here, we will not tie our-
selves to a particular inflationary model, but note that
in many models considered, the inflaton mass is set by
amplitude of density perturbations seen in the microwave
background, and yields a value of roughly 3⇥ 1013 GeV.
When we need to refer to a specific example, we consider
a no-scale supergravity model of inflation [37] which leads
to Starobinsky-like inflation [38].

If we denote as F the order parameter for supersym-
metry breaking, then typical soft SUSY masses will be
proportional to F ,

MSUSY =
F

⇤mess
(5)

where ⇤mess is the mass scale associated with the medi-

2

given by [14, 15, 31]

�decay ' C2

16⇡

m5
�

m2
3/2M

2
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(1)

where C depends on the neutralino diagonalization ma-
trix and we have ignored phase space factors (and other
factors of O(1)). In the case of a gravitino LSP, there
are typically strong constraints on the SUSY parameter
space forcing one into regions where the NLSP is the tau
slepton [28, 29].

The BBN constraints begin to be relaxed when the
lifetime of the NLSP becomes less than O(100) s [26, 27],
and for a neutralino NLSP, we can use Eq.(1) to obtain
a relation between the neutralino and gravitino masses,

⌧� . 100 s. ) m� > 300 GeV
⇣m3/2

GeV

⌘2/5
(2)

for C ⇠ 1. Thus avoiding the limits from BBN will re-
quire a rather heavy SUSY spectrum for TeV scale (and
above) gravitino masses. We note that the relaxation
of the BBN bound at 100 s requires satisfying the upper
bound on the density of decaying particles of roughly [26],
m�n�/n� . 7⇥ 10�9 GeV. If we exceed this density, we
must use the more strict BBN bound of ⌧� . 0.1s. In
this case, the lower limit on m� in Eq.(2) is increased by
a factor of ⇠ 4.

In addition to the BBN constraints, there is an ad-
ditional constraint coming from the relic density of the
NLSP whose decay contributes to the relic density of
gravitinos [21–23]. The gravitino relic density from NLSP
decays can be written simply as

⌦3/2h
2 =

m3/2

m�
⌦�h

2 (3)

and thus the NLSP relic density is limited by

⌦�h
2 . 0.12

m�

m3/2
(4)

where 0.12 is the approximate upper limit on the cold
dark matter density from PLANCK experiment [32]. As
long as m� is not much greater than m3/2, the NLSP
density is constrained to be near the cold dark matter
density. Even in the event that m� � m3/2, the relic
density of the NSLP is still constrained by the BBN un-
less its lifetime is very short (< 0.1 s) as noted above.

Thus as we attempt to increase the mass of a gravitino
LSP, we are forced to higher NLSP masses to insure both
a relatively short lifetime and low relic density. For ex-
ample, for m3/2 = 2 TeV, we must require m� & 6 TeV
(20 TeV) to obtain ⌧� < 100 s (< 0.1s). Generally, it
is very di�cult to obtain an acceptable neutralino relic
density when the neutralino masses surpass the TeV scale
[6, 7]. In particular, the neutralino relic density in the
TeV regime must be regulated by either some strong res-
onant process or co-annihilation. Indeed, the strongest

such process involves the co-annihilation with the gluino
[33–36]. Pushing the mass scales to their limit (when the
neutralino and gluino masses are degenerate), an upper
limit to the neutralino mass of roughly 8 TeV was found
[34–36]. This translates (using Eq. 2) to an upper bound
on the gravitino mass of roughly m3/2 < 4 TeV.

III. HIGH SCALE SUSY BREAKING AND
INFLATION - EEV SCALE GRAVITINOS

A. High scale SUSY

In order to go beyond the derived upper limit on the
gravitino mass of 4 TeV, we must make a more substan-
tial departure from the common paradigm of weak scale
supersymmetry. In this section, we consider the possibil-
ity for a higher gravitino masses along with a very high
SUSY breaking scale, leaving only the gravitino surviving
at low energies as a dark matter candidate.

As we demonstrated in the previous section, a grav-
itino mass in excess of 4 TeV, would require a SUSY
spectrum in excess of 8 TeV in order to obtain NLSP
lifetimes short enough to be compatible with constraints
from BBN. However, even in the limit of degenerate neu-
tralinos and gluinos, strong co-annihilations are insu�-
cient to lower the NLSP relic density to acceptable lev-
els. Further increasing the SUSY mass scale, weakens
the interaction strengths, lowering the annihilation (and
co-annihilation) cross sections, leading to an overabun-
dance. Without resorting to some unknown form of dilu-
tion, one possibility for larger gravitino masses is to move
the SUSY matter spectrum to such high scales, so that
SUSY particles were never part of the thermal bath after
inflation.

To completely remove the supersymmetric particle
spectrum from the thermal history, we must assume that
the SUSY mass spectrum is larger than both the in-
flationary reheating temperature, TR, and the inflaton
mass, m�, so as to prevent SUSY particles from being
produced by either thermal processes during reheating
or by the decay of the inflaton. Here, we will not tie our-
selves to a particular inflationary model, but note that
in many models considered, the inflaton mass is set by
amplitude of density perturbations seen in the microwave
background, and yields a value of roughly 3⇥ 1013 GeV.
When we need to refer to a specific example, we consider
a no-scale supergravity model of inflation [37] which leads
to Starobinsky-like inflation [38].

If we denote as F the order parameter for supersym-
metry breaking, then typical soft SUSY masses will be
proportional to F ,

MSUSY =
F

⇤mess
(5)

where ⇤mess is the mass scale associated with the medi-
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Figure 4. The (mχ,∆m ≡ mg̃ − mχ) planes for a Bino LSP, exhibiting bands where 0.1151 <
Ωχh2 < 0.1235 (3 σ below and above the current central value), for different values of mq̃/mg̃ = 1.1
(upper left), 10 (upper right), 50 (lower left) and 120 (lower right). These results are calculated
without the Sommerfeld enhancement factor and gluino bound-state formation (red bands), with
the Sommerfeld enhancement factor but without gluino bound-state formation (orange bands),
with both the Sommerfeld enhancement factor and gluino bound-state formation (black bands),
and allowing for the possibility that the bound-state formation rate is a factor 2 larger than our
calculations (purple bands).
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Gluino coannihilation

Ellis, Luo, Olive

mχ < 8 TeV ⇒ m3/2 < 4 TeV

heavier gravitino → heavier neutralino	
  → Ωχh2 too large → Ω3/2h2 too large

τχ ≾ 100 s ⇒ mχ > 300 GeV (m3/2/GeV)2/5



Gravitino Mass Limits

m3/2 < 4 TeV unless(!) the susy spectrum lies 	
above the inflationary scale.

For Msusy ~ F1/2 > minfl ~ 3 × 1013 GeV

3

ators of supersymmetry breaking2. We expect ⇤mess �
MSUSY . Thus MSUSY > m� translates to F > m2

�. The
gravitino mass is also determined by F [39],

m3/2 =
Fp
3MP

(6)

And hence we have a lower bound on the gravitino mass
given by

m3/2 >
m2

�p
3MP

' 0.2 EeV (7)

Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.

B. Gravitino Production

Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress �scat

N [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dn

dt = n2
�h�vi. The particle is

frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10�10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Thermal Dark Matter (NETDM) mod-
els [49].

By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as gluon,
gluon ! gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as � ⇠ T 3M2

SUSY /M
2
Pm

2
3/2, where we have as-

sumed predominantly goldstino production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n� ⇠ �/H ⇠ TM2

SUSY /MPm
2
3/2,

where we have simply taken the Hubble parameter as
T 2/MP .

In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos

2
These messengers could in principle also play a role in restoring

unification at high scale.

from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]

R = n2h�vi ' 21.65⇥ T 12

F 4
(8)

where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T 3, and for gravitino production, we expect h�vi /
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This di↵ers from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.

From the rate R(T ), we can determine that � ⇠
R/n ⇠ T 9/M4

Pm
4
3/2 (again assuming m3/2 ⌧ MSUSY )

leading to a gravitino abundance n3/2/n� ⇠ �/H ⇠
T 7/M3

Pm
4
3/2. More precisely, we find,
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TRH
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(9)

In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].

C. Consequences for inflationary models

The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field � of mass m� and
width ��. We assume that the decay and thermalization
occur instantaneously at the time t�, ��t� = 2��/3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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where we have defined a standard ”yukawa”-like coupling

y� of the inflaton field to the thermal bath, �� =
y2
�

8⇡m�

and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y�:
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ators of supersymmetry breaking2. We expect ⇤mess �
MSUSY . Thus MSUSY > m� translates to F > m2
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gravitino mass is also determined by F [39],
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3MP
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where we have simply taken the Hubble parameter as
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In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos
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where n is the number density of incoming states and we
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and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T 3, and for gravitino production, we expect h�vi /
T 6/F 4. The consequences of such a high temperature
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where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.
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In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].

C. Consequences for inflationary models

The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field � of mass m� and
width ��. We assume that the decay and thermalization
occur instantaneously at the time t�, ��t� = 2��/3H =
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we can again add a constant, µ to the superpotential. In
this case, the minimum is shifted slightly to [43]

T =
1

2
� µ2

m2
, � =

p
3
µ

m
, (16)

but the vacuum energy density is necessarily negative,
V0 = �3heGi = �3m2µ2/(m2 � 3µ2) < 0.

However, adding an untwisted Polonyi field, so that
the Kähler potential becomes

K = �3 ln

 
T + T̄ � 1

3

X

i

|�i|2 �
1

3
|z|2 + |z|4

⇤2
z

!
(17)

with the superpotential given in (13) with p = 0 leaves
the Starobinsky potential (now a function of T ) un-
changed, save for a shift in the minimum to

T ' 1

2
+

1

3

⇣ µ

m

⌘2
, � ' µ

m
,

z ' ⇤2
zp
27

, b ' 1p
3

✓
1� 1

6

⇣ µ

m

⌘2◆
, (18)

when µ/(mMP ),⇤z/MP ⌧ 1. Unlike the WZ case dis-
cussed above, the inflationary potential maintains its
form even for large µ, and arbitrarily small ⇤z. For ex-
ample, in Fig. 2, we show the inflationary potential with
µ = 0.9mMP and ⇤z = 10�5MP . Here x =

p
3/2 ln(2s)

is the canonically normalized inflaton. In the figure, z
and b have been fixed at the approximate values given in
(18) ( higher order terms in (18) can not be neglected).
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FIG. 2: Projections of the e↵ective inflationary
potential for the model (9) with the Polonyi sector ((13)

and (17)), with p = 0. We use the nominal values
m = 10�5 with µ/m = 0.9. z, b, and � are given

approximately by (18).

The gravitino mass for small ⇤z can be written as

m3/2 = m
5µ3 + 6µm2M2

P

2(3m2M2
P + µ2)3/2

(19)

which in the limit of small µ/mMP gives the expected
result m3/2 = µ/

p
3MP . Indeed, for µ = .9m, we have

a gravitino mass of 1.8 ⇥ 1013 GeV. It is indeed rather
surprising that even for a large Polony mass scale, the

inflationary dynamics are little a↵ected. This is only true
for case C given by Eq. (9). Thus we are free to make
the ‘natural’ choice of µ/m = m or µ = m2 ⇡ 10�10MP .
In this case, the gravitino mass is

m3/2 =
m2

p
3MP

⇡ 0.2 EeV. (20)

III. THE PARTICLE SPECTRUM

A. Gaugino and Scalar masses

Gaugino masses fixed by the form of the gauge kinetic
function f .

Consider f ⇠ f0 + f1 ln z.

scalar masses determined by loops, similar to gaugino
mediation.

Need scalar masses, m0 > m sets a limit on the Polonyi
stabilization scale ⇤.

Check consistency of such a model. Note that this is
on the edge of acceptable perturbativity at very small
hzi.

B. The Higgs mass and vacuum stability

Higgs masses and high scale susy.

C. Neutrino Masses

Neutrino masses. We can use the double see-saw de-
scribed in [47] where SO(10) is broken with a 1̄6H and is
coupled to the matter 16 and the inflaton.

D. Dark Matter

Dark matter is the gravitino which is stable and ther-
mally produced in reheating.

IV. OBSERVATIONAL CONSEQUENCES

Not many

If R-parity is broken, then gravitino decay to neutrinos
may be visible.

If scalars are at the scale H, maybe some e↵ects due
to non-gaussianities.

Inflaton Matter Polonyi
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The second family of models can be written as [61, 62]

W =
p
3m�(T � 1/2), C , (9)

or

W = my1y2(1 + y2/
p
3) C , (10)

In this case, the inflaton is associated with T (y2) and it
must be assumed that � (y1) is stabilized at the origin.
Again, when T (y2) is normalized to give a proper kinetic
term, we get the Starobinsky potential shown in Eq. (1).

In either case (WZ or C), the mass parameter m is
related to the inflaton mass, and is set by the amplitude
of density fluctuations measured in the CMB through Eq.
(2)

B. E↵ects of supersymmetry breaking on Inflation

Supersymmetry breaking can be accomplished in var-
ious ways, but in many of these, there are constraints
on the susy breaking scale due to its e↵ect on the in-
flationary potential. In general, susy breaking perturbs
the potential, but these e↵ects may be small, if the susy
breaking scale µ ⌧ m.

The simplest possibility we can consider is adding a
constant, µ to the superpotential. In most low energy
models of susy phenomenology, we would relate µ to the
weak scale through m̃, as µ = m̃M2

P and the gravitino
mass is just

m3/2 =
µ

(T + T̄ )3/2
= m̃ (11)

in Planck units with T + T ⇤ = 1. However, in this case
low energy susy breaking parameters such as soft scalar
masses, m0, trilinear A-terms and the bi-linear B0 are
all proportional to m3/2 (m0 = 0 for untwisted matter
fields) [43, 63]. The gaugino mass in this case is

m1/2 =

����
1

2
eG/2 f̄↵�,T

Re f↵�
(G�1)TTG

T

���� =
����
1

2
µ
f̄↵�,T
Re f↵�

���� (12)

where f↵� is the gauge kinetic function. For (T + T̄ ) = 1,
it is unlikely that we get a hierarchy m3/2 ⌧ m1/2.
Moreover, trying to relate supersymmetry breaking to
inflation this case is rather arbitrary, as we can set µ
to be either mM2

P , or m2MP , or m3, giving m3/2 =
m,m2/MP ⇡ 0.4EeV, or m3/M2

P ⇡ 5 TeV (though the
latter may be of phenomenological interest).

In [48], a linear term µ2� for the inflaton in (7) was pro-
posed making the association between the inflaton and
Polonyi field. For small µ, the theory works quite well,
and thus predicts a small (weak scale) gravitino mass.
The inflationary capability of the theory breaks down
when µ & 5 ⇥ 10�5 corresponding to an upper limit on
the gravitino mass of m3/2 = µ4/2m . 106 GeV.

Next we can consider adding a strongly stabilized
(twisted) Polony field to the model,

µ ! µ(z + ⌫)(T + c)p . (13)

with

K � zz̄ � (zz̄)2

⇤2
z

(14)

(the modular weight, (T + 1/2)p is needed to avoid a
DeSitter vacuum with weak scale energy density), we
will take p = 3 as an example here) [43]. Choosing
b ' 1/

p
3 gives a minimum with zero vacuum energy

at z ' ⇤2
z/
p
12. The mass of the Polonyi field is now

hierarchically larger than the gravitino mass

m2
z =

12m2
3/2

⇤2
(15)

Once again, for µ ⌧ m, this works quite well so long
as ⇤z is not too small (⇤z & 2(µ/m).3). Increasing
µ, leads to the formation of a new minimum at large
x which quickly becomes the global minimum. In Fig.
1. we show the potential for fixed p = 3. ⇤z = 10�2,
and several values of µ. For µ/m < 10�8, the poten-
tial is indistinguishable from that shown as 10�8. For
m ⇡ 10�5MP , we see that this model works fine for weak
scale supersymmetry breaking, and for scales as large as
µ . 10�12MP ⇠ 3 PeV, corresponding to gravitino mass
of m3/2 ' µ/

p
3 . 1.7 PeV. In particular, m3/2 = 0.2

EeV would correspond to µ/m ⇡ 10�5 which would spoil
badly the inflationary potential.
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FIG. 1: Projections of the e↵ective inflationary
potential for the model (7) with the Polonyi sector (14)
with superpotential �W = µ(z + b)(T + 1/2)p (13), for
p = 3 and c = 1/2. Here T = 1/2, z and b are given by
(??), and we use the nominal values m = 10�5. Shown

are the potential for di↵erent choices of
µ/m = 10�8, 10�7, 2⇥ 10�7, 5⇥ 10�7 in black, blue,

green, and red.

While the WZ models are perfectly acceptable for low
scale supersymmtry breaking, our objective here is high
scale breaking and this we turn our attention to the case
C, for the superpotential given by (9). To achieve super-
symmetry breaking and generate a finite gravitino mass,

Starobinsky Inflation
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or

W = my1y2(1 + y2/
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3) C , (10)

In this case, the inflaton is associated with T (y2) and it
must be assumed that � (y1) is stabilized at the origin.
Again, when T (y2) is normalized to give a proper kinetic
term, we get the Starobinsky potential shown in Eq. (1).

In either case (WZ or C), the mass parameter m is
related to the inflaton mass, and is set by the amplitude
of density fluctuations measured in the CMB through Eq.
(2)

B. E↵ects of supersymmetry breaking on Inflation

Supersymmetry breaking can be accomplished in var-
ious ways, but in many of these, there are constraints
on the susy breaking scale due to its e↵ect on the in-
flationary potential. In general, susy breaking perturbs
the potential, but these e↵ects may be small, if the susy
breaking scale µ ⌧ m.

The simplest possibility we can consider is adding a
constant, µ to the superpotential. In most low energy
models of susy phenomenology, we would relate µ to the
weak scale through m̃, as µ = m̃M2

P and the gravitino
mass is just

m3/2 =
µ

(T + T̄ )3/2
= m̃ (11)

in Planck units with T + T ⇤ = 1. However, in this case
low energy susy breaking parameters such as soft scalar
masses, m0, trilinear A-terms and the bi-linear B0 are
all proportional to m3/2 (m0 = 0 for untwisted matter
fields) [43, 63]. The gaugino mass in this case is
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where f↵� is the gauge kinetic function. For (T + T̄ ) = 1,
it is unlikely that we get a hierarchy m3/2 ⌧ m1/2.
Moreover, trying to relate supersymmetry breaking to
inflation this case is rather arbitrary, as we can set µ
to be either mM2

P , or m2MP , or m3, giving m3/2 =
m,m2/MP ⇡ 0.4EeV, or m3/M2

P ⇡ 5 TeV (though the
latter may be of phenomenological interest).

In [48], a linear term µ2� for the inflaton in (7) was pro-
posed making the association between the inflaton and
Polonyi field. For small µ, the theory works quite well,
and thus predicts a small (weak scale) gravitino mass.
The inflationary capability of the theory breaks down
when µ & 5 ⇥ 10�5 corresponding to an upper limit on
the gravitino mass of m3/2 = µ4/2m . 106 GeV.

Next we can consider adding a strongly stabilized
(twisted) Polony field to the model,

µ ! µ(z + ⌫)(T + c)p . (13)

with

K � zz̄ � (zz̄)2

⇤2
z

(14)

(the modular weight, (T + 1/2)p is needed to avoid a
DeSitter vacuum with weak scale energy density), we
will take p = 3 as an example here) [43]. Choosing
b ' 1/

p
3 gives a minimum with zero vacuum energy

at z ' ⇤2
z/
p
12. The mass of the Polonyi field is now

hierarchically larger than the gravitino mass

m2
z =

12m2
3/2

⇤2
(15)

Once again, for µ ⌧ m, this works quite well so long
as ⇤z is not too small (⇤z & 2(µ/m).3). Increasing
µ, leads to the formation of a new minimum at large
x which quickly becomes the global minimum. In Fig.
1. we show the potential for fixed p = 3. ⇤z = 10�2,
and several values of µ. For µ/m < 10�8, the poten-
tial is indistinguishable from that shown as 10�8. For
m ⇡ 10�5MP , we see that this model works fine for weak
scale supersymmetry breaking, and for scales as large as
µ . 10�12MP ⇠ 3 PeV, corresponding to gravitino mass
of m3/2 ' µ/

p
3 . 1.7 PeV. In particular, m3/2 = 0.2

EeV would correspond to µ/m ⇡ 10�5 which would spoil
badly the inflationary potential.

0 5 10 15

0.5

1.0

1.5

2.0
V/m2

x

FIG. 1: Projections of the e↵ective inflationary
potential for the model (7) with the Polonyi sector (14)
with superpotential �W = µ(z + b)(T + 1/2)p (13), for
p = 3 and c = 1/2. Here T = 1/2, z and b are given by
(??), and we use the nominal values m = 10�5. Shown

are the potential for di↵erent choices of
µ/m = 10�8, 10�7, 2⇥ 10�7, 5⇥ 10�7 in black, blue,

green, and red.

While the WZ models are perfectly acceptable for low
scale supersymmtry breaking, our objective here is high
scale breaking and this we turn our attention to the case
C, for the superpotential given by (9). To achieve super-
symmetry breaking and generate a finite gravitino mass,

+ Polonyi Model

5 10 15 20

0.2

0.4

0.6

0.8

1.0
V/m2

x

Dudas, Gherghetta, Mambrini, Olive



Toy Model

4

we can again add a constant, µ to the superpotential. In
this case, the minimum is shifted slightly to [43]

T =
1

2
� µ2

m2
, � =

p
3
µ

m
, (16)

but the vacuum energy density is necessarily negative,
V0 = �3heGi = �3m2µ2/(m2 � 3µ2) < 0.

However, adding an untwisted Polonyi field, so that
the Kähler potential becomes

K = �3 ln
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|z|2 + |z|4
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with the superpotential given in (13) with p = 0 leaves
the Starobinsky potential (now a function of T ) un-
changed, save for a shift in the minimum to

T ' 1
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,
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, (18)

when µ/(mMP ),⇤z/MP ⌧ 1. Unlike the WZ case dis-
cussed above, the inflationary potential maintains its
form even for large µ, and arbitrarily small ⇤z. For ex-
ample, in Fig. 2, we show the inflationary potential with
µ = 0.9mMP and ⇤z = 10�5MP . Here x =

p
3/2 ln(2s)

is the canonically normalized inflaton. In the figure, z
and b have been fixed at the approximate values given in
(18) ( higher order terms in (18) can not be neglected).
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FIG. 2: Projections of the e↵ective inflationary
potential for the model (9) with the Polonyi sector ((13)

and (17)), with p = 0. We use the nominal values
m = 10�5 with µ/m = 0.9. z, b, and � are given

approximately by (18).

The gravitino mass for small ⇤z can be written as

m3/2 = m
5µ3 + 6µm2M2

P

2(3m2M2
P + µ2)3/2

(19)

which in the limit of small µ/mMP gives the expected
result m3/2 = µ/

p
3MP . Indeed, for µ = .9m, we have

a gravitino mass of 1.8 ⇥ 1013 GeV. It is indeed rather
surprising that even for a large Polony mass scale, the

inflationary dynamics are little a↵ected. This is only true
for case C given by Eq. (9). Thus we are free to make
the ‘natural’ choice of µ/m = m or µ = m2 ⇡ 10�10MP .
In this case, the gravitino mass is

m3/2 =
m2

p
3MP

⇡ 0.2 EeV. (20)

III. THE PARTICLE SPECTRUM

A. Gaugino and Scalar masses

Gaugino masses fixed by the form of the gauge kinetic
function f .

Consider f ⇠ f0 + f1 ln z.

scalar masses determined by loops, similar to gaugino
mediation.

Need scalar masses, m0 > m sets a limit on the Polonyi
stabilization scale ⇤.

Check consistency of such a model. Note that this is
on the edge of acceptable perturbativity at very small
hzi.

B. The Higgs mass and vacuum stability

Higgs masses and high scale susy.

C. Neutrino Masses

Neutrino masses. We can use the double see-saw de-
scribed in [47] where SO(10) is broken with a 1̄6H and is
coupled to the matter 16 and the inflaton.

D. Dark Matter

Dark matter is the gravitino which is stable and ther-
mally produced in reheating.

IV. OBSERVATIONAL CONSEQUENCES

Not many

If R-parity is broken, then gravitino decay to neutrinos
may be visible.

If scalars are at the scale H, maybe some e↵ects due
to non-gaussianities.
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the Kähler potential becomes

K = �3 ln
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when µ/(mMP ),⇤z/MP ⌧ 1. Unlike the WZ case dis-
cussed above, the inflationary potential maintains its
form even for large µ, and arbitrarily small ⇤z. For ex-
ample, in Fig. 2, we show the inflationary potential with
µ = 0.9mMP and ⇤z = 10�5MP . Here x =

p
3/2 ln(2s)

is the canonically normalized inflaton. In the figure, z
and b have been fixed at the approximate values given in
(18) ( higher order terms in (18) can not be neglected).
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FIG. 2: Projections of the e↵ective inflationary
potential for the model (9) with the Polonyi sector ((13)

and (17)), with p = 0. We use the nominal values
m = 10�5 with µ/m = 0.9. z, b, and � are given

approximately by (18).

The gravitino mass for small ⇤z can be written as

m3/2 = m
5µ3 + 6µm2M2

P

2(3m2M2
P + µ2)3/2

(19)

which in the limit of small µ/mMP gives the expected
result m3/2 = µ/

p
3MP . Indeed, for µ = .9m, we have

a gravitino mass of 1.8 ⇥ 1013 GeV. It is indeed rather
surprising that even for a large Polony mass scale, the

inflationary dynamics are little a↵ected. This is only true
for case C given by Eq. (9). Thus we are free to make
the ‘natural’ choice of µ/m = m or µ = m2 ⇡ 10�10MP .
In this case, the gravitino mass is

m3/2 =
m2

p
3MP

⇡ 0.2 EeV. (20)

III. THE PARTICLE SPECTRUM

A. Gaugino and Scalar masses

Gaugino masses fixed by the form of the gauge kinetic
function f .

Consider f ⇠ f0 + f1 ln z.

scalar masses determined by loops, similar to gaugino
mediation.

Need scalar masses, m0 > m sets a limit on the Polonyi
stabilization scale ⇤.

Check consistency of such a model. Note that this is
on the edge of acceptable perturbativity at very small
hzi.

B. The Higgs mass and vacuum stability

Higgs masses and high scale susy.

C. Neutrino Masses

Neutrino masses. We can use the double see-saw de-
scribed in [47] where SO(10) is broken with a 1̄6H and is
coupled to the matter 16 and the inflaton.

D. Dark Matter

Dark matter is the gravitino which is stable and ther-
mally produced in reheating.

IV. OBSERVATIONAL CONSEQUENCES

Not many

If R-parity is broken, then gravitino decay to neutrinos
may be visible.

If scalars are at the scale H, maybe some e↵ects due
to non-gaussianities.

for small µ/mMP
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Gravitino Production
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ators of supersymmetry breaking2. We expect ⇤mess �
MSUSY . Thus MSUSY > m� translates to F > m2

�. The
gravitino mass is also determined by F [39],

m3/2 =
Fp
3MP

(6)

And hence we have a lower bound on the gravitino mass
given by

m3/2 >
m2

�p
3MP

' 0.2 EeV (7)

Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.

B. Gravitino Production

Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress �scat

N [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dn

dt = n2
�h�vi. The particle is

frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10�10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Thermal Dark Matter (NETDM) mod-
els [49].

By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as gluon,
gluon ! gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as � ⇠ T 3M2

SUSY /M
2
Pm

2
3/2, where we have as-

sumed predominantly goldstino production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n� ⇠ �/H ⇠ TM2

SUSY /MPm
2
3/2,

where we have simply taken the Hubble parameter as
T 2/MP .

In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos

2
These messengers could in principle also play a role in restoring

unification at high scale.

from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]

R = n2h�vi ' 21.65⇥ T 12

F 4
(8)

where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T 3, and for gravitino production, we expect h�vi /
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This di↵ers from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.

From the rate R(T ), we can determine that � ⇠
R/n ⇠ T 9/M4

Pm
4
3/2 (again assuming m3/2 ⌧ MSUSY )

leading to a gravitino abundance n3/2/n� ⇠ �/H ⇠
T 7/M3

Pm
4
3/2. More precisely, we find,

⌦3/2h
2 ' 0.11

✓
0.1 EeV

m3/2

◆3 ✓
TRH

2.0⇥ 1010 GeV

◆7

(9)

In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].

C. Consequences for inflationary models

The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field � of mass m� and
width ��. We assume that the decay and thermalization
occur instantaneously at the time t�, ��t� = 2��/3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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✓
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◆1/4 ✓2�� MP

⇡ c

◆1/2

= 0.55
y�
2⇡

✓
m� MP

c

◆1/2

(10)
where we have defined a standard ”yukawa”-like coupling

y� of the inflaton field to the thermal bath, �� =
y2
�

8⇡m�

and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y�:

⌦3/2h
2 ' 0.11

✓
0.1 EeV

m3/2

◆3 ✓
m�

3⇥ 1013GeV

◆7/2 ✓
y�
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(11)
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FIG. 1. Region of the parameter space allowed by PLANCK

constraints [32] in the plane (m3/2, y�) for di↵erent values of the

branching ratio B3/2 and m� = 3 ⇥ 10

13
GeV (see the text for

details).

where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, y�) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y� with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.

A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y� to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on y� independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH

implemented in Eq.(11) with the expression (10) gives

y� . 1.6⇥ 10�3

✓
3⇥ 1013 GeV

m�

◆1/2

, (12)

shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives

2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)

which is a strong prediction of our model.

D. Gravitino production by inflaton decay

It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale

supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize

the decay to a pair of gravitinos as �3/2 = m�
y2
3/2

72⇡ .

The branching ratio of decays to gravitinos is then

B3/2 = �3/2/�� =
|y3/2|2

9y2�
. (14)

Using the result from [41] for the gravitino abundance
produced by inflaton decay at the epoch of reheating, we
get

n3/2

n�
⇡ 3.6B3/2

(��MP)1/2

m�
⇡ 0.7B3/2y�

✓
MP

m�

◆1/2

(15)
corresponding to

⌦decay
3/2 h2 = 0.11

✓
B3/2

1.3⇥ 10�13

◆✓
y�

2.9⇥ 10�5

◆
(16)

⇥
⇣ m3/2

0.1 EeV

⌘✓
3⇥ 1013 GeV

m�

◆1/2

.

today.

The condition (7) is then translated into

B3/2y� =
|y3/2|2

9|y�|
. 1.9⇥ 10�18

✓
0.1 EeV

m3/2

◆
(17)

for m� = 3 ⇥ 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling y�
is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n�B3/2m3/2, where m�n� is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.

This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10�19

where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.

m3/2 > .2EeV m3/2 < TR
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immediately sees the linear increase in the Yukawa cou-
pling y� with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.

A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y� to avoid
an overabundant gravitino. In fact, one can extract an
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is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n�B3/2m3/2, where m�n� is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.

This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10�19

where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.
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Summary

LHC susy and Higgs searches have pushed CMSSM-like 
models to “corners” or strips 

There remain several beyond the CMSSM-like models 

PGM at the PeV scale 

But maybe the susy spectrum is very heavy, and was never 
part of the thermal background, yet the gravitino may still be 
the dark matter! 

at the EeV scale


