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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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What happened to weak scale SUSY
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Elastic scaterring cross-section
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Weak (?) scale  
supersymmetric dark matter

Viable regions of parameter space with 
dark matter is found along strips:

Stau-coannhilation Strip 

extends only out to ~1 TeV 

Stop-coannihilation Strip 

Higgs Funnel 

Focus Point



Requirements
• Relic Density*
• LHC constrains: Sparticle searches; Higgs mass
• Spin-Dependent and Spin-Independent scattering cross sections
• Gamma Ray Fluxes
• Neutrinos from the sun

*Assuming no late entropy production

Focus point

Funnel

Well-tempered
W-t w/Coann.
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• Gamma Ray Fluxes

some well-tempered/funnel points (blue) with LSP masses ⇠ 200 GeV that are marginally
excluded by the LZ spin-dependent scattering constraint.

4.3 Indirect Constraints

A variety of products of LSP annihilations may o↵er detectable signals, including � rays,
neutrinos, positrons, antiprotons and light antinuclei. We consider in this paper � rays
and neutrinos, whose production is relatively straightforward to model and may provide
interesting observational constraints. Since annihilation rates are proportional to the square
of the local DM density, we study regions where the DM accumulates. These include dwarf
spheroidal satellite galaxies (dSphs) [16–21,51–55] and the Galactic Center (GC) [23–25,56],
which are potential sources of observable � fluxes, and the Sun, which is an interesting
potential source of energetic neutrinos [27–29,57–59].

4.3.1 Limits on � Fluxes from Dwarf Spheroidal Satellite Galaxies

We first examine dSphs as possible sources of � rays from DM annihilations in the framework
of the CMSSM, before revisiting the possible GC constraint on DM annihilations.

The annihilation of neutralinos can yield monochromatic photons via the one-loop pro-
cesses �� ! �� and �� ! �Z, and also a continuous spectrum of photons via the decays of
⇡
0s and other hadrons produced by the fragmentation and hadronization of primary annihi-

lation products. The integrated �-ray signal flux, �s (typically measured in photons/cm2/s),
expected from the annihilations of DM particles with a density distribution ⇢DM(r) is

�s(�⌦) =
1

4⇡

h��i
2m2

DM

Z
Emax

Emin

dN�

dE�

dE�

| {z }
�PP

⇥
Z

�⌦

Z

l.o.s.

⇢
2
DM

(r)dld⌦0

| {z }
J factor

, (1)

whose components we analyze in the following.
The first term of (1), �PP , depends on the particle physics properties. In particular,

this term is dependent on the thermal annihilation cross section h��i, the mass of the dark
matter particle, mDM , and the di↵erential � ray yield per annihilation, dN�/dE�, integrated
over the experimental energy range. The di↵erential yield dN�/dE� is a sum over specific
final states

dN�/dE� =
X

f

BfdN
f

�
/dE� , (2)

where Bf is the branching fraction into a given final state. Branching fractions for � pair
annihilation in the CMSSM were studied in [22]. As described in detail there, we have used
PYTHIA tool [60] in order to simulate the gamma fluxes produced in � pair annihilations.

The second term in (1), the J factor, is the integral along the light of sight (l.o.s.) [61]
through the DM density profile, ⇢DM , which is integrated over a solid angle, �⌦. The DM
density profile may be given by the general expression

⇢DM(r) =
⇢0

(r/R)c[1 + (r/R)a](b�c)/a
, (3)

17

some well-tempered/funnel points (blue) with LSP masses ⇠ 200 GeV that are marginally
excluded by the LZ spin-dependent scattering constraint.

4.3 Indirect Constraints

A variety of products of LSP annihilations may o↵er detectable signals, including � rays,
neutrinos, positrons, antiprotons and light antinuclei. We consider in this paper � rays
and neutrinos, whose production is relatively straightforward to model and may provide
interesting observational constraints. Since annihilation rates are proportional to the square
of the local DM density, we study regions where the DM accumulates. These include dwarf
spheroidal satellite galaxies (dSphs) [16–21,51–55] and the Galactic Center (GC) [23–25,56],
which are potential sources of observable � fluxes, and the Sun, which is an interesting
potential source of energetic neutrinos [27–29,57–59].

4.3.1 Limits on � Fluxes from Dwarf Spheroidal Satellite Galaxies

We first examine dSphs as possible sources of � rays from DM annihilations in the framework
of the CMSSM, before revisiting the possible GC constraint on DM annihilations.

The annihilation of neutralinos can yield monochromatic photons via the one-loop pro-
cesses �� ! �� and �� ! �Z, and also a continuous spectrum of photons via the decays of
⇡
0s and other hadrons produced by the fragmentation and hadronization of primary annihi-

lation products. The integrated �-ray signal flux, �s (typically measured in photons/cm2/s),
expected from the annihilations of DM particles with a density distribution ⇢DM(r) is

�s(�⌦) =
1

4⇡

h��i
2m2

DM

Z
Emax

Emin

dN�

dE�

dE�

| {z }
�PP

⇥
Z

�⌦

Z

l.o.s.

⇢
2
DM

(r)dld⌦0

| {z }
J factor

, (1)

whose components we analyze in the following.
The first term of (1), �PP , depends on the particle physics properties. In particular,

this term is dependent on the thermal annihilation cross section h��i, the mass of the dark
matter particle, mDM , and the di↵erential � ray yield per annihilation, dN�/dE�, integrated
over the experimental energy range. The di↵erential yield dN�/dE� is a sum over specific
final states

dN�/dE� =
X

f

BfdN
f

�
/dE� , (2)

where Bf is the branching fraction into a given final state. Branching fractions for � pair
annihilation in the CMSSM were studied in [22]. As described in detail there, we have used
PYTHIA tool [60] in order to simulate the gamma fluxes produced in � pair annihilations.

The second term in (1), the J factor, is the integral along the light of sight (l.o.s.) [61]
through the DM density profile, ⇢DM , which is integrated over a solid angle, �⌦. The DM
density profile may be given by the general expression

⇢DM(r) =
⇢0

(r/R)c[1 + (r/R)a](b�c)/a
, (3)

17

where R is the characteristic length scale and a, b, c are parameters. In our analysis we
assume that the DM distribution is a cuspy Navarro-Frank-White (NFW) [62] profile with
a = c = 1.0 and � = 3.0, i.e.

⇢DM(r) =
⇢r

3
s

r(R + r)2
. (4)

We note that both the NFW and Burkert profiles [63] were studied in [16], whereas only the
NFW profile was used in a subsequent Fermi-LAT study [18], where it was found that the J
factors for dSphs were relatively insensitive to the choice of DM distribution.

In our analysis, we have used the information on 25 Milky Way dSphs given in [18],
including the python code provided by Fermi Tools for calculating the binned likelihood
with energy dispersion. In order to use this code, we used the corresponding spacecraft data
files for the dSphs and a background model, which are also provided by Fermi Tools. We
used the energy range from 500 MeV to 500 GeV, divided into 30 logarithmic bins, and
verified that our results are insensitive to various choices of the energy range and number of
bins within the limits provided by Fermi-LAT. The times of the events we used range from
01/01/2009 to 01/01/2022. The window radius for searching these data is 15 degrees and
the galactic coordinates for each dSph are taken from [18]. The selection of data sets is in
accordance with the suggestion by the Fermi-LAT Collaboration.

After completing the analysis using Fermi Tools, we have evaluated the signals in the
framework of the CMSSM, following the approach used previously in a study of the prospec-
tive � signal from the GC [22]. We calculate the �

2 likelihood function as follows:

�
2 =

nbinsX

i=1

(di � (bi + si))2

�
2
i

, (5)

where nbins = 30 is the number of logarithmic bins in the energy range analyzed, di is the
number of data counts per bin, bi is the expected background provided by Fermi Tools [18],
and si is the signal due to DM annihilations in each bin. The quantity �i is defined from

�
2
i
= di + �

2
ea
, (6)

where �ea is the systematic uncertainty in the e↵ective area [22]. We evaluate the �2 contri-
bution for each dSph separately.

Fig. 9 displays our evaluations of the contribution to the global likelihood function, ��
2,

from the aggregated Fermi-LAT data on �-rays from dSphs for the same values of tan � as
in previous Figures. We see that ��

2 . 0.1 for tan �  40, and hence is negligible in these
cases. However, the situation is quite di↵erent for tan � � 50, as seen in the middle right and
bottom panels of Fig. 9. Values of ��

2 ⇠ 10 are reached in the well-tempered/funnel regions
(blue) where m� ' 4 TeV for tan � = 50, ' 1.1 TeV for tan � = 55 and m� ' 0.9 TeV for
tan � = 56, excluding points in these regions, where the LSP annihilates mainly into b̄b final
states through direct-channel H/A resonances. However, these points are already excluded
by the calculation of mh, as seen in Fig. 6. We note also that when tan � = 55 and 56, ��

2

reaches ⇠ 2 for funnel points with m� ' 650 GeV. This is significant though not su�cient
to exclude these points, which are in any case excluded by the constraint on mh.
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What’s left?

funnel region and also the part of the focus-point strip with m1/2 . 3.5 TeV. There is
also a small region of the focus-point strip with m1/2 & 6.5 TeV that is excluded by the
LHC measurement of mh. We also see that most of the well-tempered strip allowed by mh is
excluded by �

SI , leaving only a small set of points nearm1/2 ' 7 TeV. Finally, we find that all
of the strips for tan � = 55 and 56 are excluded: the former by a combination of mh and spin-
independent scattering, and the latter by mh alone. The other constraints considered also
exclude independently parts of the regions excluded by mh and spin-independent scattering,
but no supplementary regions.
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Figure 12: The portions of the dark matter strips for tan � = 5, 20, 40 and 50, calculated
assuming A0 = 0 and µ > 0, that are allowed by all the constraints, assuming an uncertainty

of 1.5 GeV in the calculation of mh. There are no allowed regions for tan � = 55 or 56.

25



What’s left?
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Figure 13: As in Fig. 12, but assuming an uncertainty of 0.5 GeV in the calculation of mh.

6 The Case A0 = 3m0, µ > 0

For A0 = 0 and any fixed value of m1/2, radiative electroweak symmetry breaking, i.e. a
solution for the Higgs vevs by minimizing the Higgs potential, is no longer possible for
su�ciently large m0. This boundary is adjacent to the focus-point region where µ is driven
to zero. This boundary moves to higher values of m0 as A0/m0 increases. In addition, when
A0/m0 is increased, there is increased splitting in the squark sector, and most notably, one
of the stop masses becomes relatively light and comparable to the LSP mass allowing for the
possibility that LSP-stop coannihilations determine the relic density [5, 41, 43]. When this
occurs, there is again a thin dark matter strip adjacent to the boundary of the region where
the light stop becomes the LSP. At still higher m0, the lighter stop becomes tachyonic.
Examples of the stop coannihilation strips for the representative choice A0/m0 = 3 with
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Stop strip
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Other Possibilities  

Pure Gravity Mediation 

2 parameter model with very large scalar masses 

m0 = m3/2, tan β 

mAMSB 

similar to PGM, but allows m0 ≠ m3/2

More Constrained (fewer parameters)

(with PeV scales)
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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)



What about gµ - 2?
SU(5) - motivated

m5 ≠ m10
_

104 Page 10 of 29 Eur. Phys. J. C (2017) 77 :104

Fig. 4 The (m5,m1/2) plane (left panel) and the (m10,m1/2) plane
(right panel) in the SUSY SU(5) GUT model. The best-fit point is
shown as a green star, the red contour surrounds the 68% CL region,

and the blue contour surrounds the 95% CL region. The coloured shad-
ings represent the dominant DM mechanisms, as indicated in the lower
panel and described in the text

We also indicate above the colour codes used in subsequent
figures to identify regions where each of these degeneracy
conditions applies. We have verified in a previous study [16]
that CMSSM, NUHM1 and NUHM2 points that satisfy
the DM density constraint fulfill one or more of the mass-
degeneracy conditions, and that they identify correctly the
mechanisms that yield the largest fractions of final states,
which are usually !50% [14,169].

In much of the region satisfying the τ̃1 degeneracy cri-
terion above, the ν̃τ has a similar mass, and can contribute
to coannihilation [71]. We highlight the parts of the sample
where sneutrino coannihilation is important by introducing a
shading for regions where the ν̃τ is the next-to-lightest spar-
ticle (NLSP), and it obeys the degeneracy condition

ν̃NLSP
τ coann. (orange) :

(
m ν̃τ

mχ̃0
1

− 1

)

< 0.1. (5)

We discuss later the importance of this supplementary DM
mechanism.

As we discuss in this paper, a novel possibility in the
SU(5) SUSY GUT is coannihilation with right-handed up-
type squarks, ũ R and c̃R , which may be much lighter than the
other squarks in this model, as a consequence of the freedom
to havem5 ̸= m10. We quantify the relevant mass degeneracy
criterion by

ũ R/c̃R coann. (yellow) :
(
mũR/c̃R

mχ̃0
1

− 1

)

< 0.2. (6)

As we shall see in the subsequent figures, this novel degen-
eracy condition can play an important role when m5 ≫ m10.
The existence of this new coannihilation region was verified
using SSARD [129], an independent code for calculating the
supersymmetric spectrum and relic density.

We also distinguish in this analysis ‘hybrid’ regions where
the τ̃1 coannihilation and H/A funnel mechanisms may be
relevant simultaneously:

τ̃1 coann.+ H/A funnel : (purple), (7)

also with the indicated colour code.

5 Results

5.1 Parameter planes

We display in Fig. 4 features of the global χ2 function for the
SUSY SU(5) GUT model in the (m5,m1/2) plane (left panel)
and the (m10,m1/2) plane (right panel), profiled over the
other model parameters.10 Here and in subsequent parameter
planes, the best-fit point is shown as a green star, the 68%
CL regions are surrounded by red contours, and the 95%
CL regions are surrounded by blue contours (as mentioned
above, we use the $χ2 = 2.30 and $χ2 = 5.99 contours as
proxies for the boundaries of the 68 and 95% CL regions in
the fit). The regions inside the 95% CL contours are shaded

10 We have used Matplotlib [170] and PySLHA [171] to plot the
results of our analysis.
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type squarks, ũ R and c̃R , which may be much lighter than the
other squarks in this model, as a consequence of the freedom
to havem5 ̸= m10. We quantify the relevant mass degeneracy
criterion by

ũ R/c̃R coann. (yellow) :
(
mũR/c̃R

mχ̃0
1

− 1

)

< 0.2. (6)

As we shall see in the subsequent figures, this novel degen-
eracy condition can play an important role when m5 ≫ m10.
The existence of this new coannihilation region was verified
using SSARD [129], an independent code for calculating the
supersymmetric spectrum and relic density.

We also distinguish in this analysis ‘hybrid’ regions where
the τ̃1 coannihilation and H/A funnel mechanisms may be
relevant simultaneously:

τ̃1 coann.+ H/A funnel : (purple), (7)

also with the indicated colour code.

5 Results

5.1 Parameter planes

We display in Fig. 4 features of the global χ2 function for the
SUSY SU(5) GUT model in the (m5,m1/2) plane (left panel)
and the (m10,m1/2) plane (right panel), profiled over the
other model parameters.10 Here and in subsequent parameter
planes, the best-fit point is shown as a green star, the 68%
CL regions are surrounded by red contours, and the 95%
CL regions are surrounded by blue contours (as mentioned
above, we use the $χ2 = 2.30 and $χ2 = 5.99 contours as
proxies for the boundaries of the 68 and 95% CL regions in
the fit). The regions inside the 95% CL contours are shaded

10 We have used Matplotlib [170] and PySLHA [171] to plot the
results of our analysis.
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Figure 13. Left panel: the �
2 likelihood function in the SUSY SU(5) GUT model for mũR � m�̃

0
1
in

the ũR/c̃R � �̃
0
1 coannihilation strip region (the solid/dashed line includes/omits the 13-TeV LHC data).

Right panel: the region of the (mũR ,m�̃
0
1
) plane where ��

2
< 5.99.

Figure 14. The �
2 contributions of (g� 2)µ (teal) and LHC 13-TeV data (red) in the SUSY SU(5) GUT

model, as functions of m5 (left panel), m10 (middle panel) and m1/2 (right panel).

smaller than that of (g�2)µ at the best-fit point,
and that Ae

LR and �
0
had also make relatively large

contributions to the global �2 function. These
observables reflect the residual tensions in the
electroweak precision observables at the Z peak,
which are present in the SM and the SUSY SU(5)
GUT model is unable to mitigate.

In order to compare the quality of the SU(5) fit
to the results of previous MasterCode analyses of
competing models [9], we follow the prescription
used there of subtracting from the total �2 given

in Table 5 and Fig. 15, namely 100.34, the �2 con-
tributions originating from HiggsSignals [67],
which dominate the global �2 function and would
bias the analysis. Fig. 15 lists 36 separate con-
tributions to the total �2 function. The first 3

(mt,MZ , and �↵
(5)
had(MZ)) are treated as nui-

sance parameters and the two LHC MET con-
straints at 8 and 13 TeV are applied as a sin-
gle constraint. Omitting the HiggsSignals con-
straints in our determination of the number of
degrees of freedom leaves 30 constraints, with 7
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namely flipped SU(5) (FSU(5)) [67– 73].2 We recall that the
difference in aµ ≡ (g µ − 2)/2 between the combination
of the BNL and Fermilab data and the data-driven value
recommended in [4– 12] is !aµ = (251 ± 59) × 10−11,
and that a recent lattice calculation [75,76] corresponds to
!aµ = (107 ± 69)× 10−11. We find a region of the FSU(5)
parameter space for which the supersymmetric contribution
can reach !aµ|FSU(5) ! 140 × 10−11, which would reduce
the discrepancy with the data-driven calculation of aµ to
below 2 standard deviations, and remove entirely the discrep-
ancy with the lattice calculation by the BMW collaboration
[75,76].

2 Recap of the FSU(5) GUT

Specific GUT-motivated models can interpolate between the
restrictive CMSSM and the relatively unconstrained phe-
nomenological MSSM (pMSSM) [46,77– 90]. In a minimal
SU(5) GUT, while there is only a single universal gaugino
mass, m1/2 = M5, each generation of matter fields is split
into 10 and 5̄ representations, which may have separate soft
scalar masses, m10 and m 5̄, respectively [42]. Additionally,
the Standard Model Higgs fields originate from a 5 and 5̄ pair,
which may also receive independent soft massesmH andmH̄
as in an extension of the CMSSM with non-universal Higgs
masses (NUHM) [91,92]. The common value of the gaug-
ino masses at the GUT scale links the electroweak gaugino
masses to the gluino mass, and the fact that both right- and
left-handed (s)leptons find themselves in (super)multiplets
containing (s)squarks links slepton masses to squark masses
through renormalization-group running. Thus, despite its
additional degrees of freedom beyond those in the CMSSM,
the SU(5) model does not resolve the g µ − 2 discrepancy
[42].

On the other hand, we recall that in FSU(5) there are two
independent gauge group factors: in addition to the GUT
SU(5) factor there is an ‘external’ U(1) factor. The masses
of the usual SU(3), SU(2) and U(1) gauginos are related by
SU(5) universality at the GUT scale, M5, but the mass of
the ‘external’ U(1) gaugino, MX1, is in general independent.
Liberated from the tyranny of GUT unification, this external
U(1) gaugino could be much lighter than the other U(1) gaug-
ino and the Higgsinos, enabling the lightest neutralino dark
matter particle to be relatively light. We recall also that the
right-handed sleptons are assigned to singlet representations
of FSU(5), so their soft supersymmetry-breaking masses,m1,
are unrelated to those of the other sfermions, which have
flipped assignments in 5 and 10 representations of SU(5).
Therefore the mass of the right-handed smuon, µ̃R , is unre-

2 See [74] for a previous discussion of g µ − 2 in FSU(5).

lated to the masses of the squarks and the left-handed smuon,
µ̃L .

At one-loop order, there are contributions to g µ − 2 from
a µ̃R/χ loop, a µ̃L/χ loop, and a diagram where the µ̃R and
µ̃L mix (as well as chargino exchange diagrams). From the
calculations in [93], we find that the neutralino exchange dia-
grams always dominates over the chargino exchange terms,
and the dominant contribution comes from µ̃R/µ̃L mixing,
with the µ̃R/χ and µ̃L/χ loop both sub-dominant. This is due
in part to the relatively large values of µ and A0 that con-
tribute to left-right mixing. As we shall see, the µ̃R might be
sufficiently light, in combination with the lightest neutralino,
χ , to reconcile the experimental measurement of g µ−2 with
the theoretical calculation of the Standard Model contribu-
tion.

More specifically, the assignments of representations and
charges of each generation of particles in the matter sector
of the theory are

f̄i (5̄,−3) =
{
Uc
i , Li

}
, Fi (10, 1) =

{
Qi , Dc

i , N
c
i
}
,

li (1, 5) = Ec
i , i = 1, 2, 3, (1)

where the charges are defined in the (SU(5), U(1)X ) basis. We
note that there is an additional degree of freedom beyond the
Standard Model contained in the 10, denoted by Nc, which
can be interpreted as a right-handed neutrino. In order to gen-
erate the right-handed neutrino masses, the theory contains
three or more SU(5) singlets φa.

In contrast to minimal SU(5), which is broken by an
adjoint Higgs representation, FSU(5) is broken to the Stan-
dard Model gauge group by a pair of 10-dimensional Higgs
representations:

H(10, 1) =
{
QH , Dc

H , N
c
H

}
,

H̄(1̄0,−1) =
{
Q̄H , D̄c

H , N̄
c
H

}
. (2)

The MSSM Higgs bosons are embedded in another pair of
Higgs representations:

h (5,−2) =
{
THc , Hd

}
, h̄ (5̄, 2) =

{
T̄H̄c

, Hu

}
, (3)

where THc and TH̄c
denote color triplets, and Hd and Hu the

MSSM Higgs doublets.
The conventional electroweak hypercharge is a linear

combination of the U(1)X gauge symmetry and the diago-
nal U(1) subgroup of SU(5), namely

Y
2
= 1√

15
Y24 +

√
8
5
QX , (4)

where the QX charge is in units of 1√
40

and

Y24 =
√

3
5

diag
(

1
3
,

1
3
,

1
3
,−1

2
,−1

2

)
. (5)
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Fig. 1 Left panel: Scatter plot of flipped SU(5) points in the (mµ̃R ,mχ )
plane, color-coded according to the values of the supersymmetric con-
tribution to aµ, ãµ ≡ "aµ × 1011, that they yield, as indicated in the
legend. The diagonal line represents the constraint that the LSP is not
charged, and the vertical line represents the LEP lower limit on the slep-

ton mass [118]. Also visible at small masses are the LHC constraints
on ℓ̃R → ℓχ where ℓ = e, µ [119]. The point with the largest value
of "aµ = 150 × 10−11 is indicated with a cross. Right panel: Stacked
histograms of the numbers of points with ãµ and mh in the indicated
ranges

value "aµ = 150 × 10−11 for the point indicated by a black
cross.5

The right panel of Fig. 1 displays stacked histograms of the
numbers of points yielding values of ãµ ≡ "aµ×1011 within
the indicated ranges, binned according to the corresponding
values of mh calculated using FeynHiggs 2.18.0. We
note that all the points with "aµ > 100 × 10−11 correspond
to mh < 123 GeV. All points with mh > 122 GeV are
allowed if one adopts a conservative estimate of 3 GeV for
the 2-σ uncertainty in the calculation of mh . However, we
note that theFeynHiggs 2.18.0 code [101– 108] returns
a 1-σ uncertainty in mh that is below 1 GeV for the points of
greatest interest for gµ−2. This smaller uncertainty includes
only the effects of a variation in the renormalization scale,
the use of the pole mass versus running mass for the value
of mt in the two-loop corrections, and the effect of dropping
higher-order resummation effects in mb. We find for scan
points with mh > 123 (124) GeV the following maximum
values "aµ = 71 (25) × 10−11.

The left panel of Fig. 2 shows a scatter plot of FSU(5)
points in the (mh ,mµ̃R ) plane and color-coded as in Fig. 1.
The horizontal line represents the LEP lower limit on the slep-
ton mass of 100 GeV [118]. We see that the values of "aµ
tend to decrease with increasing mµ̃R and mh . The trend with
mµ̃R was seen already in the left panel of Fig. 1, and the trend
with mh reflects the fact that larger values of mh correspond
in general to larger sparticle masses, in particular µ̃L . This
suppresses µ̃L/µ̃R mixing and hence the corresponding con-

5 As mentioned above, the limit mµ̃R > 100 GeV is relaxed to mµ̃R !
73 GeV when mµ̃R −mχ " 2 GeV [120]. In a dedicated study of this
exceptional region we found points with values of "aµ ! 220×10−11.

tribution to "aµ. The right panel of Fig. 2 shows a scatter
plot of flipped SU(5) points in the (µ,mµ̃R ) plane, where we
see that the points yielding "aµ ! 50×10−11 correspond to
relatively large values of µ > 2500 GeV, where the µ̃R/µ̃L
mixing contribution is enhanced.

Figure 3 compares the ranges of the discrepancy, "aµ
between the combination of the BNL and Fermilab mea-
surements and the data-driven estimate of aµ taken from the
Theory Initiative [4– 12] (green line) and the BMW lattice
calculation [75,76] (black line), together with the range of
the supersymmetric contribution to "aµ found in our gen-
eral scan of the flipped SU(5) parameter space (red line). We
see that the flipped SU(5) model could resolve completely
the residual 1.5-σ discrepancy between the BMW lattice cal-
culation [75,76] and the experimental measurements. It also
reduces the discrepancy between the data-driven Standard
Model estimate and the measurements to less than 2 stan-
dard deviations.6 Also shown is the 2-σ range of "aµ found
in a global analysis of the CMSSM that includes all rele-
vant constraints from LHC Run 2, previous experiments and
constraints on dark matter [42] (blue line). We see that the
supersymmetric contribution to "aµ in the CMSSM is ∼30
times smaller than in flipped SU(5), and is negligible com-
pared to the experimental discrepancies with the Standard
Model calculations.

As has been mentioned above, the generic FSU(5) point
that makes the largest contribution to aµ yields "aµ =
150 × 10−11. Table 1 shows the input parameters for this
point, including those pertaining to the specification of the

6 The red dashed line shows the additional range of "aµ that is found in
the exceptional region where mµ̃R −mχ " 2 GeV and mµ̃R ! 73 GeV.
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Fig. 2 Scatter plots of flipped
SU(5) points in (left panel) the
(mh ,mµ̃R ) plane and (right
panel) the (µ,mµ̃R ) plane,
color-coded according to the
values of the supersymmetric
contribution to aµ that they
yield, as indicated in the legend.
The horizontal lines represent
the LEP lower limit on the
slepton mass [118]

Fig. 3 Comparison of the ranges of the discrepancy in aµ between the
combination of the BNL and Fermilab measurements with the data-
driven estimate taken from the Theory Initiative [4– 12] (green line),
from the BMW lattice calculation [75,76] (black range), and the ranges
found in flipped SU(5) in this paper (red range, general region shown
as solid line, extension in exceptional region shown dashed) and in the
CMSSM [42] (blue range)

GUT model7 and those pertaining to the supersymmetry
scales. We also list in Table 1 the output MSSM particle
masses and other observables. We observe that, apart from the
lightest neutralino LSP and the µ̃R (and the near-degenerate
ẽR),8 the squarks and gluinos are in general far beyond the
current reach of the LHC [23,24] and even the prospective
reach of the HL-LHC [122], though within reach of FCC-hh
[123] or SppC [124]. This is a general feature of points that
yield interesting values of !aµ and mh > 122 GeV. The

7 The GUT mass scales are largely determined by extrapolation from
low-energy data, and are insensitive to the values of λ4,5,6. Our results
are also insensitive to mν3 within the range allowed by cosmological
data.
8 Note that the τ̃R is much heavier than the µ̃R and ẽR , because m2

Hd
has large negative values, which increase m τ̃R at low energies.

optimal point is also compatible with the LHC Run 2 lim-
its in the (MA, tan β) plane [125]. The µ̃R and ẽR might
be within reach of future LHC searches via conventional
missing-energy signatures [119] and/or dedicated searches
in the compressed spectrum region [120], possibly using the
LHC as a photon collider [126]. They could also be within
the reach of an e+e− collider operating at 250 GeV in the
center of mass, such as the ILC [127], FCC-ee [128] or CEPC
[129].

Finally, we also show in Table 1 the values of some other
observables for this point. The relic LSP density &χh2 cal-
culated assuming adiabatic cosmological evolution happens
to fall quite close to the range of cold dark matter density
favoured by Planck [121] and other measurements, though
this was not imposed a priori. This is because smaller values
of &χh2 are allowed if there is another source of cold dark
matter, while a complete FSU(5) model of cosmology favours
a large amount of entropy generation that would dilute even
a quite substantial potential overdensity of LSPs [97]. How-
ever, for the point whose parameters are given in Table 1 and
other, similar points, LSP coannihilations with the µ̃R and ẽR
naturally bring &χh2 close to or within the range preferred
by Planck even before any such entropy generation [66]. We
also show in Table 1 predictions for the partial lifetimes for
p → e+π0 and p → µ+π0 in variants of the FSU(5) in
which the light neutrino masses are ordered either normally
(NO) or inversely (IO). We see that in all cases these par-
tial lifetimes are well beyond the present experimental limits
and the prospective reach of planned experiments such as
Hyper-Kamiokande.

4 Summary

We have explored in this paper the range of possible val-
ues of the supersymmetric contribution to aµ in the flipped
SU(5) GUT model. This model has more parameters than the
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3

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

2
�
. 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 >
m

2
�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
= n

2
�
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

3
M

2
SUSY

/M
2
P
m

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 ⇠ TM

2
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 = n
2h�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
/M

4
P
m

4
3/2 (again assuming m3/2 ⌧ MSUSY )

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

7
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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]

TRH =

✓
10

gs

◆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, �� =
y
2
�

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
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✓
0.1 EeV

m3/2

◆3 ✓
m�

3⇥ 1013GeV
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y�
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in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
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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 �
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[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
= n

2
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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
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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

2 These messengers could in principle also play a role in restoring
unification at high scale.
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itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]
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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].
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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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and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
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limits can also be satisfied as the spectrum approaches
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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.
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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 =
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
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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
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mχ < 8 TeV ⇒ m3/2 < 4 TeV
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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
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Higgs as shown in [44] or invoking a pseudoscalar or pure
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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-
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By increasing the SUSY mass scale, we have also re-
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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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was derived in [43]
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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
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easily ascertained on dimensional grounds. Recall that
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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.
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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 =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
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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 �
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[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
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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
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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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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]
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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
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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 � ⇠
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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 =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
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mχ < 8 TeV ⇒ m3/2 < 4 TeV heavier gravitino → heavier neutralino
  → Ωχh2 too large → Ω3/2h2 too large
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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].
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occur instantaneously at the time t�, ��t� = 2��/3H =
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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 �
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[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
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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
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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

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]
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unless(!) the susy spectrum lies 
above the inflationary scale

mχ < 8 TeV ⇒ m3/2 < 4 TeV heavier gravitino → heavier neutralino
  → Ωχh2 too large → Ω3/2h2 too large

~ Weak Scale:
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Summary

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

However, still viable and more so beyond the CMSSM 

Proton decay may be a visible signature of these models 

Maybe the susy spectrum is very heavy 

Is Susy at the multi-TeV or PeV or EeV scale? 

Need more input from Experiment!!! 

Can we learn more from a UV completion? 

Signatures at the EeV scale?


