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ture below the higgsino thermal freeze-out temperature. We perform a model independent

analysis of the higgsino dark matter production in such scenario. We show that light

higgsino-type dark matter is possible for reheating temperatures close to 1 GeV. We study

the impact of dark matter indirect detection and collider physics in this context. We show

that Fermi-LAT data rule out non-thermal higgsinos with masses below 300 GeV. Future

indirect dark matter searches from Fermi-LAT and CTA will be able to cover essentially

the full parameter space. Contrary to the thermal case, collider signals from a 100 TeV col-

lider could fully test the non-thermal higgsino scenario. In the second part of the paper we

discuss the motivation of such non-thermal cosmology from the perspective of string theory

with late-time decaying moduli for both KKLT and LVS moduli stabilisation mechanisms.

We finally describe the impact of embedding higgsino dark matter in these scenarios.
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1 Motivation and summary

The best candidate for dark matter (DM) in supersymmetric models with R-parity con-

servation is the lightest neutralino χ0
1, which is generically the lightest supersymmetric

particle (LSP). Neutralinos are weakly interacting particles (WIMPs) which, in the stan-

dard thermal picture, are assumed to be in equilibrium with the thermal bath in a ra-

diation dominated universe. As the universe expands, it cools down and at some point

the temperature drops below the WIMP mass mχ. At that moment neutralinos become

non-relativistic and their abundance per comoving volume decreases due to the Boltzmann

factor exp (−mχ/T ) until it reaches its freeze-out value at the temperature Tf which is

typically of order Tf ' mχ/20. This happens when the WIMP annihilation rate becomes

of order the Hubble parameter H and DM particles drop out of thermal equilibrium.

Hence the thermally produced DM abundance depends just on its thermal averaged

annihilation rate 〈σannv〉:

Ω = Ωobs 〈σannv〉th

〈σannv〉
, (1.1)

where Ωobs ' 0.23 is the abundance observed by the Planck satellite [1], while 〈σannv〉th =

3 × 10−26 cm3 sec−1 is the reference value which gives the correct relic abundance. This

makes the thermal scenario very predictive and completely independent of the previous

thermal history of the universe.

From (1.1) we can see that:

Ω ' 0.23
α2/(200 GeV)2

〈σannv〉
, (1.2)
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where α = g22/(4π). Given that 〈σannv〉 ' α2/m2
χ, weakly interacting particles with

masses around the weak scale mχ ∼ mweak ∼ O(100) GeV naturally give rise to the ob-

served DM relic density. This fact is very well known in the literature under the name of

‘WIMP miracle’ and it suggests that new degrees of freedom at the weak scale are natural

DM candidates.

However, in the context of supersymmetry (SUSY), WIMP candidates do not really

satisfy the condition mχ ∼ mweak: thermal higgsinos saturate the DM relic density for

masses around 1 TeV, while winos need to be around 2.5–3 TeV. The situation for binos

is even worse because their annihilation cross section is so small that they always overpro-

duce DM.1 This problem can be avoided either by focusing on fine-tuned corners of the

underlying parameter space, like A-funnels or coannihilation with other sparticles, or by

considering so-called well tempered combinations of electroweakinos which can lead to the

correct DM abundance. However, recent direct detection results show that these scenarios

are either under siege or directly ruled out. Thus a correct thermal production of the

observed DM abundance seems to require a high level of fine-tuning.

In the present paper we shall therefore consider a different production mechanism

based on a non-standard cosmological evolution of our universe. More precisely, we shall

consider the situation where DM particles are produced via a non-thermal mechanism

based on the late time decay of heavy scalars with only gravitational couplings to ordinary

matter. This production mechanism is well motivated from both a bottom-up and a top-

down perspective. Since current observations can trace back the thermal history of the

universe only up to Big Bang Nucleosynthesis (BBN), when the temperature of the thermal

bath was around TBBN ' 3 MeV, there is no reason in principle to assume a standard

cosmological evolution for temperatures above TBBN. In particular, the generic presence of

gravitationally coupled particles (like moduli or gravitinos) in UV complete theories like

string theory, can change the cosmological evolution of our universe.

Moduli are scalar fields that get displaced from their late-time minimum during in-

flation due to the inflationary energy density [2]. After the end of inflation, their VEV

decreases following the Hubble parameter H until H becomes of order their mass and

the moduli start oscillating around their late-time minimum. Since their energy density

redshifts as matter, they quickly come to dominate the energy density of the universe, in-

troducing a new era of matter domination before BBN. Finally, these moduli decay when

H becomes of order their decay rate Γφ ' m3
φ/M

2
p with Mp = 2.4×1018 GeV. The decay of

the moduli heats the thermal bath and produces entropy diluting everything that has been

produced before. Moreover, the moduli decay leads also to the non-thermal production of

the lightest neutralino.

This scenario gives rise to an interesting cosmological evolution of the universe which

has been vastly studied in the literature [3–32]. In the non-thermal scenario, differently

from the thermal case, the DM relic density depends on two parameters: the WIMP

annihilation rate and the reheating temperature (or equivalently the moduli mass). This

additional parameter gives enough freedom to reproduce the observed DM relic density for

1That is also the case of singlinos in SUSY models with an extra scalar like the NMSSM.
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neutralino masses of order mχ ' mweak. Given that non-thermally produced WIMPs can

be light, this scenario turns out to be interesting for DM indirect detection and collider

physics bounds. We will show that this new ‘WIMP miracle’ can happen only if the moduli

masses are around 106–107 GeV. The ‘naturalness’ of this energy scale for the moduli

masses depends on moduli stabilisation (and therefore ultimately on the string landscape).

The first part of the paper is a model independent analysis of non-thermal higgsino

DM,2 leaving the wino and bino DM cases for future work. The main conclusions of this

model independent analysis are the following:

1. The observed DM relic density can be saturated even for higgsino masses as low as

100 GeV.

2. The strongest lower bound on the mass of non-thermal higgsinos comes from indirect

detection which requires mχ & 300. This bound comes from the non-observation by

Fermi-LAT [38] of gamma rays due to dark matter annihilation from dwarf spheroidal

galaxies where the dependence on the astrophysical profile is less important than in

galactic centre observations.

3. We also show that future observations from Fermi-LAT or CTA [39] could cover

essentially the entire parameter space of this scenario. Moreover, unlike the thermal

case, collider signals from the LHC can probe only a small part of the parameter

space using monojet plus soft lepton searches [41]. On the other hand, a 100 TeV

machine could test directly all the parameter space using monojet and disappearing

tracks searches [40].

In the second part of the paper we go into a model dependent discussion. We study

the non-thermal post-inflationary cosmological evolution of two well-established scenarios

of string moduli stabilisation: KKLT [45] and the Large Volume Scenario (LVS) [43, 44]. In

both cases, we determine the mass hierarchy between moduli, higgsinos and other sparticles.

The main difference between these two scenarios is that in LVS the late decaying particle

is the lightest modulus while in KKTL it is the gravitino. At the level of non-thermal DM

production this does not change anything but it has consequences on setting the gaugino

and SUSY-breaking scale. In each case, we have also worked out the consequences of

preserving the BBN results in the presence of late decaying particles [46–48]. The main

conclusions can be summarised as follows:

1. If the visible sector is localised on D7-branes, both cases lead to non-thermal DM

overproduction, and so R-parity violation is mandatory.

2. If the visible sector is localised on D3-branes, both KKLT and LVS models can give

rise to an allowed region of the parameter space where non-thermally produced light

higgsinos can correctly reproduce the observed DM abundance.

2Higgsinos are good DM candidates in models like split-SUSY where there is a hierarchy between elec-

troweakinos and scalars [33–35]. Moreover, light higgsinos are well motivated in natural SUSY scenar-

ios [36, 37].
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3. LVS models with the visible sector on D3-branes are particularly interesting since the

hierarchy between the lightest modulus and the SUSY particles allows to set bounds

from DM direct detection which however depend on the moduli VEVs (and so they

are less constraining than the ones from indirect detection and collider searches).

We have performed an analysis for a particularly well motivated value of the volume

of the extra-dimensions and the result is twofold: (i) in order to obtain constraints

which are stronger than the ones from indirect detection, one would need data from

large scale DM direct detection experiments (beyond 1 Ton); (ii) a large portion of

the parameter space falls below the neutrino background, and so DM direct detection

experiments seem to be less useful in this case.

2 Dark matter in a non-standard cosmology

Moduli are scalar fields that couple to all other particles only gravitationally. During

inflation, they are displaced from their minimum because of the inflationary energy density.

After the end of inflation, once their mass becomes comparable to the Hubble scale (mφ ∼
H), the Hubble friction ceases to be the dominant effect and the moduli start to oscillate

around their minimum. After some oscillations the moduli evolution is indistinguishable

from pressureless matter and the moduli number per comoving volume remains constant.

Hence moduli redshift as matter, with an initial abundance given by:

ρφ =
1

2
m2
φ φ

2
0 , (2.1)

where φ0 is the initial misalignment which is in general of order φ0 ∼ Mp [2]. After the

beginning of the oscillations, the moduli quickly come to dominate the energy density of

the universe which therefore becomes matter dominated. When the Hubble parameter

becomes of order the moduli decay rate, i.e. H ∼ Γφ ' m3
φ/M

2
p , these fields decay and

a new radiation dominated era begins. This scenario changes the standard cosmological

picture because it introduces extra matter dominated epochs between the end of inflation

and the BBN epoch.

The reheating temperature Tr of the final radiation dominated era before the BBN

epoch is set by the decay Γφ of the lightest modulus into Standard Model light degrees

of freedom (and possible superpartners): Tr '
√

ΓφMp. This non-standard cosmology

can potentially modify the DM relic abundance if the WIMP freeze-out temperature Tf is

larger than the reheating temperature from moduli decay: Tf > Tr. In this case, the freeze-

out mechanism takes place during a matter dominated, instead of a standard radiation

dominated, era. Moreover, the moduli decay dilutes the neutralino relic density due to

entropy production giving [3, 6]:

Ω ' Tf
Tf,new

(
Tr

Tf,new

)3

Ωth , (2.2)

where Ωth is the standard thermal DM relic density, while Tf ' mχ/20 and Tf,new is the

new freeze-out temperature taking into account the entropy production due to the decay
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of the lightest modulus. By solving the Boltzmann equations it can however be shown that

the difference between Tf and Tf,new is relevant only for Tr < 1 GeV [25]. This scenario has

been classified under the name of thermal production without chemical equilibrium [24].

Nevertheless, this dilution is not the only effect produced by the presence of a late

time decaying scalar. The direct or indirect decay of moduli into neutralinos yields also a

non-thermal production that gives an extra contribution to the neutralino DM abundance.

Depending on how efficiently neutralinos annihilate at the time of reheating, i.e. on whether

the DM pair annihilation rate Γχ = nχ〈σv〉 is larger or smaller than the expansion rate H

at Tr, DM non-thermal production can follow two scenarios:

1. If DM particles annihilate very efficiently during the modulus decay, i.e. Γχ > H(Tr),

there is a period of chemical equilibrium generated by the combination of the mod-

ulus decay and DM annihilation. This period continues until Γχ ∼ H, when DM

annihilation is no longer efficient and neutralinos go out of chemical equilibrium (this

is usually called non-thermal freeze-out). At this point, the neutralino abundance per

comoving volume reaches its definitive value. This scenario was first studied in [3, 5, 6]

and received several names: non-thermal production with chemical equilibrium [24],

annihilation scenario [31, 32] or re-annihilation scenario [49, 50].

2. If DM particles produced from the modulus decay do not interact further, i.e. Γχ <

H(Tr), their abundance is just the one produced by the modulus decay. Since there

is no efficient annihilation, the DM number density per comoving volume is frozen

from the beginning. This scenario has been known both as non-thermal production

without chemical equilibrium [24] and as branching scenario [31, 32].

The DM abundance per comoving volume for both scenarios can be expressed as [5]:(
nχ
s

)
= min

[(
nχ
s

)obs 〈σannv〉th

〈σannv〉

√
g∗(Tf)

g∗(Tr)

Tf
Tr
, YφBrχ

]
, (2.3)

where
(nχ
s

)obs ' Ωobs
(

ρcrit
mχs0h2

)
, while Yφ ' 3Tr

4mφ
is the yield of particle abundance from

modulus decay and Brχ is the branching ratio of the modulus decay into DM particles

(interpreted as the averaged number of DM particles produced per modulus decay). The

annihilation scenario corresponds to the first term in (2.3), while the branching scenario is

described by the second term of the same expression.

As we have already mentioned, the efficiency of DM annihilation determines whether

DM is non-thermally produced in the annihilation or in the branching scenario. In partic-

ular, the condition Γχ > H(Tr) can be understood as:

nχ(Tr) >
H(Tr)

〈σv〉
=

Γφ
〈σv〉

, (2.4)

where nχ(Tr) = Brχnφ(Tr) = Brχρφ(Tr)/mφ. Using the definition of Tr and assuming that

the modulus thermalises immediately after its decay, this condition can be written as:

1

〈σv〉
< Brχ

π2

30
T 4/3
r M2/3

p . (2.5)
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For Tf > Tr, the condition to be in the annihilation regime, without any loss of general-

ity, becomes:

1

〈σv〉
< Brχ

(
mχ

1 GeV

)4/3

1010 GeV2 . (2.6)

Using the s-wave approximation for the annihilation cross section, we can estimate the

regime of masses for which different neutralinos satisfy this condition. From pure winos,

higgsinos and binos, it is easy to see that [51]:

mwino <

(
3g4

16π
Brχ 1010

)3/2

GeV ' 1012 Br3/2χ GeV , (2.7)

and:

mhiggsino <

(
g4

512π
(21 + 3 tan2 θW + 11 tan4 θW )Brχ 1010

)3/2

GeV ' 1011 Br3/2χ GeV .

(2.8)

Unless the branching ratio Brχ is very small, the conditions (2.7) and (2.8) clearly indicate

that winos and higgsinos are always non-thermally produced in the annihilation scenario.

The case of binos is instead slightly more model dependent since the condition to be satisfied

for being in the annihilation scenario depends on the slepton mass ml̃r
:

mbino >

(
40π

3g4 tan2 θW

1

1010 Brχ

(
ml̃r

1 GeV

)4)3/10

GeV

' 7× 10−3 Br−3/10
χ

(
ml̃r

1 GeV

)6/5

GeV . (2.9)

For ml̃r
' 100 GeV (using LEP bounds), the condition to be in the annihilation scenario

becomes mbino > 1.82 Br
−3/10
χ GeV which basically includes all cases. In order to be

in the branching scenario, it is necessary to be have either Brχ � 1 or to go to multi-

TeV sleptons. For example for ml̃r
' 1 TeV, binos get non-thermally produced in the

branching scenario if mbino < 29 Br
−3/10
χ GeV, while for ml̃r

' 10 TeV, it is necessary to

have mbino < 458 Br
−3/10
χ GeV.

As a consequence, in the annihilation scenario the DM relic abundance due to moduli

decay depends on the neutralino annihilation efficiency at Tr and it can be written as [24]:

Ωnt =

√
g∗(Tf)

g∗(Tr)

Tf
Tr

Ωth , (2.10)

where Ωth is the expression for the thermal relic density. On the other hand, for the

branching scenario the DM relic density depends on the averaged number of neutralinos

per modulus decay but not on the annihilation cross section:

Ωnth2 = 1.5× 102 Brχ

(
Tr

GeV

)1/3( mχ

GeV

)
κ1/3 , (2.11)
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where κ (which is typically of order one) parametrises the model dependence of the modulus

decay Γφ = κ m3
φ/M

2
p .3 Note that the DM relic abundance does not overclose the universe

only for a very small Brχ. In order to avoid fine-tuning issues, such a small number should

be justified by a proper theoretical motivation.

3 Non-thermal higgsino dark matter

In this section we focus on the analysis of the higgsino LSP case. A mainly higgsino-like

neutralino scenario is characterised by a spectrum where the lightest sparticles are the

first two neutralinos χ0
1, χ

0
2 and the first chargino χ±

1 . All of them are dominated by the

higgsino component and their masses are very close. The degree of degeneracy between

the masses depends mainly on the mass of the bino M1 and wino M2: the heavier they are

the more degenerate χ0
1, χ

0
2, χ

±
1 will be.

Let us point out that we shall not consider well-tempered higgsino-gaugino scenarios

since they are in strong tension with recent direct detection data. In fact, LUX sets a

lower bound on gaugino masses, depending on whether the lightest gaugino is the bino or

the wino [52]. For thermal higgsinos with mass of order µ ∼ 1 TeV, in the higgsino-bino

case, M1 > 1.2 TeV in most of the parameter space, while in the higgsino-wino scenario,

M2 > 1.6 GeV [53, 54]. These bounds can be escaped only in a small region with µ < 0

and tan β ≤ 2. However, XENON1T (which will release data probably this year) should

be able to probe also this remaining region. Let us finally mention that the LUX bounds

on gaugino masses for the higgsino LSP case indicate that the masses of χ0
1, χ

0
2, χ

±
1 are

quite close to each other. This has an important impact on collider phenomenology, as we

will describe in section 3.2.

Due to the bino/wino bounds mentioned above, from now on we will assume that the

LSP is mainly higgsino.4 The rest of the spectrum in this scenario could be either as light

as the lightest gauginos like in natural SUSY scenarios [36, 37], or it could feature very

heavy sfermions like in split-SUSY models [33–35]. The second (and last) assumption that

we will make is the presence of moduli which can give rise to a non-thermal cosmological

history as explained in section 2.

3.1 Indirect detection constraints

Given that the higgsino LSP case does not need to assume any value of the bino or wino

mass (beyond the LUX bounds), the constraints coming from DM direct detection are

not very useful. In other words, these bounds are model/spectrum dependent. That is the

reason why we are going to focus only on indirect detection constraints and collider signals.

In section 4 we will discuss some models from UV stringy completions and we will analyse

the impact of DM direct detection constraints in terms of the spectrum generated by such

stringy scenarios.

3Note that κ should also appear in (2.6) but, given that it plays no significant role in that expression,

we ignored it for the sake of simplicity.
4Note that we are not even assuming MSSM. Even in more complicated SUSY models like NMSSM or

beyond, the only assumption is a higgsino LSP.
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Figure 1. Reheating temperature and DM relic density in terms of the higgsino mass. The diagonal

dashed grey line refers to Tr = Tf = mχ/20. The coloured regions indicate different bounds from

indirect detection experiments. The red and brown regions correspond to the Fermi-LAT pass 8

bounds. The green and orange regions correspond instead to CTA prospects. The plot on the right

is a zoom on the region with Tr ≤ 10 GeV.

In figure 1 we show the results of the analysis of the higgsino LSP scenario in a non-

standard cosmology where the lightest modulus decays and reheats the universe at a given

Tr ∼
√
m3
φ/Mp. As mentioned in section 2, depending on the relation between Tr and the

higgsino mass (through Tf ' mχ/20), the effect on the DM relic abundance changes. In

figure 1 we show that for Tr > Tf , i.e. for values above the diagonal dashed grey line (which

corresponds to Tr = Tf = mχ/20), there is no effect from the presence of moduli. In fact,

they would decay before the higgsino thermal freeze-out, and so they would not affect the

standard DM thermal production.

However, for Tr < Tf the modulus decay has a double effect: it dilutes the higgsino relic

abundance generated by the thermal freeze-out (the so-called thermal production without

chemical equilibrium) and, at the same time, it decays into higgsinos increasing their

abundance (the so-called annihilation scenario or non-thermal production with chemical

equilibrium). These effects are antagonistic since the former reduces the DM relic density

while the second tends to increase it (see (2.2) and (2.10)). The combination of these two

effects is plotted in figure 1. The light blue area of the plot is the region of the parameter

space where DM is overproduced, and the blue solid line represents the region where the

DM abundance observed by Planck is saturated. The dashed cyan and violet lines represent

the regions of the parameter space where higgsino-like DM constitutes only the 50% and

20% of the total DM content.

If we focus on the solid blue line, it can be seen that, for Tr < Tf , the region with 40 GeV

. Tr . 55 GeV is dominated by the thermal production without chemical equilibrium, i.e.

the modulus decay does not heavily dilute the previous thermal higgsino production. As

a consequence, in that region of parameter space higgsino DM is overproduced due to the

additional DM component coming from the decay of the modulus into higgsinos. Note that

the discontinuity of the solid blue line in this region of parameter space has no physical

meaning since it is just due to the technical difficulty to consider both non-thermal effects.

– 8 –
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At Tr ' 38 GeV (when the modulus mass is mφ ' O(107) GeV) the effect of the

dilution reduces the thermal relic abundance to half of its initial freeze-out value and, at

the same time, the non-thermal production generates precisely the other half required to

saturate the DM relic density observed by Planck. From this point on (decreasing Tr) the

effect of the dilution is bigger and bigger, leaving more space for a non-thermal production.

In particular, for Tr ' 4 GeV the modulus decay has diluted 80% of the previous thermal

DM production, and so most of the DM abundance is due to non-thermal production.

From (2.2) and (2.10) it is easy to understand that when the annihilation scenario becomes

the dominant effect (for lower temperatures), lighter higgsinos are needed to generate the

correct DM relic density.

However, there are limits on how light these higgsinos can be. The first is the LEP

bound on direct production of charginos, represented in figure 1 by the grey band, which

requires mχ & 100 GeV. Moreover, for light higgsinos which saturate the DM relic density,

indirect detection constraints have an important impact. We have analysed this kind

of constraints by first computing the thermal averaged cross section of higgsinos with

micrOMEGAs [55], and then using the bounds from Fermi-LAT data and the prospects on

future experiments like CTA (we have used the limits reported in [39, 56, 57]).

The result is shown in figure 1, where we show that the bound coming from Fermi-

LAT data on dwarf spheroidal galaxies (Fermi-LAT dSph) sets a lower bound on the

higgsino mass of order mχ & 300 GeV [38]. This bound corresponds to Tr ' 2 GeV,

which in terms of the modulus mass is mφ ' 2 × 106 GeV. Fermi-LAT dSph is the most

robust bound given that it does not depend on the DM astrophysical profile and possible

astrophysical uncertainties are already taken into account in the limits offered by this

collaboration. Figure 1 shows also the Fermi-LAT limit due to the non-observation of DM

annihilation from the galactic centre (Fermi-LAT GC) [58]. This bound (mχ & 625 GeV)

is instead very dependent on the actual DM astrophysical profile. In particular, we plot

the contracted NFW (NFWc) profile which corresponds to the most cuspy one. Due to the

problems on sub-halo galactic structures, cuspy profiles seem to become less motivated [59].

Nevertheless, we plot this bound because any other (more cored) profile gives a bound

below the Fermi-LAT dSph one. Finally, we also show possible bounds coming from future

indirect detection experiments like CTA, which again correspond to cuspy DM astrophysical

profiles because the cored ones are below the one set by Fermi-LAT data from dwarf

spheroidal galaxies.

3.2 Collider phenomenology

At the beginning of this section we pointed out that the spectrum of a typical higgsino LSP

scenario is characterised by a light higgsino doublet with almost degenerate neutralinos and

charginos χ0
1, χ

0
2 and χ±

1 . On the other hand, the rest of the spectrum is heavier and in

principle free.5 In this scenario, the only observable SUSY particle could be a non-thermally

produced higgsino which could be as light as 300 GeV. The collider phenomenology of

5In the MSSM scalars should be at least at 2 TeV to have a 125 GeV Higgs [60] but in the NMSSM they

could be lighter [36, 37]. On the other hand, in a higgsino LSP scenario binos and winos should satisfy the

LUX bounds described above.
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this scenario would be dominated by hard jet production with large missing energy, i.e.

a monojet signal and soft leptons. This signal is produced by a pair of electroweakinos

through exchange of γ, W± or Z gauge bosons in the s-channel together with hard QCD

initial state radiation.

Moreover, due to the degeneracy of the charginos χ±
1 with the neutralinos χ0

1 and

χ0
2, they would probably have a lifetime τ ≥ 0.1 ns, which is of the order of the col-

lider scale [40]. That makes these charginos long-lived particles which could generate a

disappearing track signal.

Ref. [41] has shown that using monojet and soft leptons, the 3σ exclusion limit for

the higgsino mass is 250 GeV with 1000 fb−1 luminosity at 14 TeV LHC. Given that this

bound is less restrictive than the one imposed by Fermi-LAT dSph, the LHC seems to be

less interesting for constraining this scenario. Ref. [40] claimed that for a 100 TeV machine

the exclusion could reach higgsinos of 870 GeV. Moreover, using disappearing tracks in

a 100 TeV collider, it could be possible to exclude higgsinos up to 750 GeV but also to

discover them for masses of almost 600 GeV. A similar result was found in [42] where

there is a more systematic study of the uncertainties for a 100 TeV collider. As can be

seen from figure 1, this would imply that, unlike the case of thermally produced higgsinos,

a future 100 TeV collider could be able to test completely the scenario of non-thermally

produced higgsino LSP. This makes this scenario a very interesting one to be tested in

future colliders.

4 Non-thermal cosmology from string scenarios

As mentioned in section 1, the existence of moduli is a generic feature of string theory.

These fields parametrise the shape and the size of the extra-dimensions and, at the level

of 4D physics, they would mediate fifth forces whose range is inversely proportional to

their mass. Given that these new interactions have not been observed, the moduli need

to acquire a mass via the process of moduli stabilisation. The mechanism responsible to

make the moduli massive fixes also all the main energy scales of a string compactification

like the string scale, the Kaluza-Klein scale, the inflationary scale and the SUSY-breaking

scale. The presence of such scalar fields has also a very important impact on cosmology

since they can both drive inflaton in the very early universe, and affect the post-inflationary

evolution of our universe [61–68].

In this section we will perform a model dependent analysis of non-thermal higgsino DM

production for the two best developed scenarios of moduli stabilisation in type IIB string

theory: the Large Volume Scenario [43, 44] and the KKLT setup [45]. In order to be explicit

and set further constraints besides the ones discussed in section 3, we will consider three

different classes of models: LVS with sequestered and non-sequestered SUSY-breaking and

KKLT with nilpotent goldstino (see [71] for a detailed discussion of the hierarchy of energy

scales for each case).

4.1 Sequestered LVS models

A well-studied scenario in type IIB is LVS with the visible sector localised on D3-branes

at singularities [69–71]. In this model it is possible to achieve a hierarchy between the soft
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Figure 2. Reheating temperature and DM relic density in terms of the higgsino mass. The different

coloured regions indicate bounds from direct detection experiments for µ > 0. The yellow coloured

region corresponds to the neutrino background. The two pink regions show the sensitivity to direct

detection experiments, in particular to XENON1T and LZ. The plot on the right is a zoom on the

region with Tr ≤ 10 GeV.

terms and the gravitino mass which is called sequestering. The hierarchies are given by:

M1/2 ∼ ε mφ ∼ ε2 m3/2 ∼ ε3Ms ∼ ε4 Mp , (4.1)

where M1/2 is the gaugino mass, mφ is the mass of the lightest modulus, m3/2 is the

gravitino mass and Ms is the string scale. The hierarchy parameter ε� 1 can be expressed

in terms of the volume of the extra-dimensions V: ε ∼ 1/
√
V.6 This framework can allow

for two different scenarios depending on whether the soft scalar masses m0 are of the order

of the gaugino mass, i.e. m0 ' M1/2, or heavier, i.e. M1/2 ' ε m0. The second case

corresponds to a split-SUSY like scenario. From (4.1) and Tr '
√
m3
φ/Mp we find the

following relation between Tr and gaugino masses:

M1/2 ' ε
(
T 2
r Mp

)1/3
. (4.2)

Let us now consider sequestered LVS models with non-thermal higgsino DM production

described in section 3. For a given value of ε (or equivalently for a fixed value of V), (4.2)

gives Tr in terms of M1/2. Substituting this relation in (2.10) we find that the non-thermal

DM relic density depends on the ratio between higgsino and gaugino masses. The hierarchy

M1/2 − µ is interesting because it allows us to introduce DM direct detection bounds.

We consider a particularly interesting value of the extra-dimensional volume, V ' 107,

because it yields both a string scale which is high enough to allow for GUT theories and

viable inflationary model building, Ms ∼ MGUT ∼ 1016 GeV, and low-energy gaugino

masses around O(1− 10) TeV. Using micrOMEGAs we have computed the spin independent

(SI) cross section and compared it with prospects from XENON1T [72] and LZ [73] (the

bounds from LUX are irrelevant in this scenario). The relation (4.2) allows us to project all

this information in the (Tr,mχ)-plane which is the same parameter space used in figure 1.

6The volume is measured in units of the string length `s = M−1
s .
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Figure 3. Combined DM indirect and direct detection bounds from figure 1 and 2. The plot on

the right is a zoom on the region with Tr ≤ 10 GeV.
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Figure 4. Negative µ case analysis of DM direct detection bounds. The plot on the right shows

the combined DM indirect and direct detection bounds.

In figure 2 we show the impact of direct detection bounds on the underlying parameter

space for the case with µ > 0. We see that the sensitivity to direct detection is generically

small. Large scale DM direct detectors (beyond 1 Ton) are necessary to cover the region

with reheating temperatures close to 10 GeV. In figure 3 we show a comparison between

direct and indirect detection sensitivity. One can see that Fermi-LAT is already restricting

more than what XENON1T can do. In order to constrain the parameter space more

than what DM indirect detection is already doing, it is therefore necessary to consider

experiments like LZ. Finally, for Tr > 20 GeV, which corresponds to moduli masses around

mφ & O(104) TeV, the neutrino background covers the entire remaining parameter space.

In figure 4 we show the same analysis for the case with µ < 0. Note that the sen-

sitivity to DM direct detection bounds is much lower than for the positive µ case. The

reason can be understood from the effective hχχ coupling which appears in the nucleon-

neutralino interaction:

chχχ ∼
1 + sign(µ) sin 2β

M1 − sign(µ)µ
, (4.3)
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where for µ < 0 the SI cross section tends to be smaller. Unlike the scenario with µ > 0,

even large scale detectors like LZ will induce constraints below the Fermi-LAT dSph bounds.

The neutrino background seems to be larger than the signal for most regions of the

parameter space. This means that DM direct detection experiments will hardly be able to

probe this region. In [77] the authors have investigated the recoil spectra from different

DM-nucleon effective field theory operators and they have compared them to the nuclear

recoil energy spectra that are predicted to be induced by astrophysical neutrino sources.

The dominant MSSM SI neutralino-nucleon operators (q̄qχ̄χ) can be distinguished from

the neutrino backgrounds for a very large exposure, 103 tonne years, since the recoil spectra

for the signal is similar to the background.

From figures 2–4 we can extract another interesting information about the sparticle

spectrum. Given that in the sequestered LVS scenario M1/2 is universal at the GUT scale,

binos, winos and gluinos have different masses. If the DM relic density is saturated by

higgsinos with mχ ' 300 GeV, we have mB̃ ' 1.9 TeV, mW̃ ' 3.8 TeV and mg̃ ' 10.2 TeV.

Another interesting situation would be the case with mχ ' 600 GeV since it is in the

region close to the LZ detection reach. In this case the spectrum of gauginos would be

mB̃ ' 6 TeV, mW̃ ' 12.3 TeV and mg̃ ' 33.3 TeV. In both cases sfermion masses are

at least on the multi-TeV range (typically O(10) TeV) or heavier (their detailed spectrum

depends on whether the SUSY model is split-like or not).

Finally, it is worth commenting that it is not clear whether the GUT boundary con-

ditions of the sequestered LVS scenario allow for a light higgsino LSP. For example, a

split-SUSY case with universal scalar masses (see [71]) would not allow light higgsinos. In

this scenario the higgsino would actually be so heavy to induce a large loop correction to

both the wino and bino masses, making them heavy as well. The result is a gluino LSP

scenario which is already ruled out. In the case where m0 ∼ M1/2, the determination of

the GUT boundary conditions which allow for light higgsinos is still an open question. It

seems to be a set of very special conditions which allow for a focus-point behaviour (see

for instance [67]). Hence the LVS sequestered scenario requires further studies to check if

it has enough freedom to realise the higgsino LSP case studied in section 3.

4.2 Non-sequestered LVS models

An alternative option for the realisation of the visible sector is to localise SM gauge inter-

actions on stacks of D7-branes wrapping some sub-manifolds of the compact space. In this

case the gauge degrees of freedom are directly coupled to the sources of SUSY-breaking,

and so all soft terms are of the same order of the gravitino mass but heavier than the

lightest modulus φ [71]:

mφ ∼ ε
(
M1/2 ∼M0 ∼ m3/2

)
∼ ε2Ms ∼ ε3Mp . (4.4)

In order to avoid the cosmological moduli problem we require Tr ≥ 4 MeV [74], and hence

the modulus mass becomes mφ ≥ 34 TeV. In turn, (4.4) implies that all soft terms are

very heavy, M1/2 � 1 TeV. In particular, such heavy gauginos induce a large one-loop
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Figure 5. One-loop contribution to higgsino mass induced by heavy gauginos as a function of the

reheating temperature Tr due to the modulus decay.

contribution to the higgsino mass [75]:

∆mχ = −sin(2β)

32π2

[
3g22M2 log

(
MH

M2

)
+ g21M1 log

(
MH

M1

)]
, (4.5)

where MH is the mass of the heavy Higgs in SUSY models.

If this one-loop induced mass is very large, it could make the higgsino dangerously

heavy. Figure 5 shows this contribution in terms of Tr. We have performed this computa-

tion using the hierarchies in (4.4) and expressing them in terms of the reheating tempera-

ture (assuming again that V ∼ 107). The contribution of tan β to (4.5) has been calculated

recursively in order to obtain a Higgs mass of 125 GeV by using SUSYHD [60]. For temper-

atures above 4 MeV, the one-loop induced higgsino mass becomes ∆mχ ≥ 1.4 TeV. As can

be seen from figure 1, this value of the higgsino mass leads to DM overproduction. Hence

non-sequestered LVS models needs R-parity violation in order to avoid the overclosure of

the universe. It would then be necessary to look for both alternative DM explanations and

a mechanism to avoid fast proton decay in GUT theories.

4.3 KKLT models with nilpotent goldstino

Moduli stabilisation for KKLT models with a dS vacuum generated by anti D3-branes has

been recently discussed in [71]. In this scenario the hierarchy between the gravitino and

the lightest modulus mass is:

m3/2 ∼ ε4/3 mφ ∼ ε2Mp . (4.6)

It is easy to see from (4.6) that the gravitino is lighter than the modulus. Hence in

KKLT models the last decaying particle which dominates the thermodynamic history of the

universe is not a modulus but the gravitino. The gravitino is coupled to other particles only

gravitationally, so DM production can be described using the same techniques illustrated
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in section 2. However, there is a difference with respect to the modulus case: gravitinos are

not originated by a misalignment mechanism but rather by the inflaton decay. Hence this

scenario is more model dependent because it depends on the scale of inflation. For instance,

if inflation ends so late that the inflaton cannot kinematically decay into gravitinos, those

will not be produced unless the last decaying modulus would be able to produce them.

The hierarchy between gravitino and scalar and gaugino masses is instead given by [71]:

m0 ∼ m3/2 for visible sector on D7-branes, (4.7)

m0 ∼ ε m3/2 for visible sector on D3-branes, (4.8)

Ma '
(
αaba
4π

+ ε4/3
)
m3/2 , (4.9)

where the first term in (4.9) is the anomaly mediation contribution. A big difference

with respect to the LVS scenario is that in KKLT the anomaly mediation contribution to

gaugino masses dominates over the moduli mediation one. From (4.7)–(4.9) it can be seen

that there are two KKLT scenarios: typical anomaly mediation mini split-SUSY models

when the visible sector is on D7-branes, and SUSY models with anomaly mediated gauginos

which are a bit lighter than sfermions for the visible sector on D3-branes.

Like in the LVS case, in order to preserve BBN results we impose T3/2 > 4 MeV which

implies m3/2 ≥ 105 GeV [76]. From (4.7)–(4.9) we can immediately see that this lower limit

on the gravitino mass pushes scalars and gauginos to heavy scales. This has important

consequences on the higgsino LSP scenario. In particular, similarly to the non-sequestered
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LVS case, heavy gauginos induce large one-loop contributions to the higgsino mass which

tend to push higgsinos to heavy scales where their abundance would overclose the universe.

However, if there is a leading order cancellation between the two contributions to

gaugino masses in (4.9), the hierarchy between gauginos and gravitinos could be larger.

This could allow for a region where the higgsino is still a good DM candidate. After

studying this situation, we have found that in KKLT models with the visible sector on

D7-branes higgsino are always too heavy.

On the other hand, if the visible sector lives on D3-branes, there is a region where

higgsino DM is still possible. This is due to the combination of the small hierarchy between

scalars and gravitinos from (4.7) and the large hierarchy between gauginos and gravitinos

which can be arranged by tuning the two different contributions in (4.9).7

The results of this analysis are presented in figure 6 which shows that the one-loop

contribution to the higgsino mass from heavy gauginos (see (4.5)) sets an upper bound on

the gravitino mass, m3/2 . 6×107, (the lower bound comes from BBN) beyond which there

is DM overproduction. The dashed black lines show the total higgsino mass compared with

the tree level one (corresponding to µ) plotted on the x-axis. It is interesting to notice that

even for µ = 0 there could be a thermal higgsino LSP of 1.1 TeV generated completely at

loop level for m3/2 ' 6× 104 TeV. This would be reproduce a spread SUSY scenario with

higgsino LSP [75]. Note also that spread SUSY cannot be realised for the non-thermal case

since it requires µ 6= 0.

Moreover, figure 6 illustrates very clearly the effect of a late decaying gravitino on the

DM abundance. The green dashed line corresponds to T3/2 = Tf ' mtot
χ /20 and separates

the region where the gravitino does not affect DM production since it decays before the

thermal freeze-out of the higgsino LSP, from the region with T3/2 < Tf where the gravitino

decay has the same effects as those described in section 3 for the modulus decay. Therefore

the results shown in figure 6 are the same as those of figure 1 with the only difference being

that they are plotted in terms of m3/2 instead of Tr.

Finally figure 6 indicates that non-thermally produced higgsinos with mχ ' 300 GeV

require a gravitino mass of order m3/2 ' 4 × 103 TeV. This, in turn, gives scalars around

m0 ' 100 TeV and gaugino masses of order mB̃ ' 11 TeV, mW̃ ' 22 TeV and mg̃ ' 60 TeV.

This implies that higgsinos of 300 GeV are in a region where the higgsino-nucleon SI cross

section is almost below the neutrino background for µ > 0 and completely inside the

neutrino background for µ < 0. Therefore it seems that DM direct detection is much less

useful in the KKLT scenario than in the LVS one.

5 Conclusions

In this work we focused on supersymmetric models where the LSP is a higgsino-like neu-

tralino which plays the role of DM in the context of a non-standard cosmology. The

difference with respect to the standard cosmological history comes from the presence of

7Technically this region can be obtained by setting the non-perturbative effect number N = 4 and

V ' 103. In KKLT the internal volume is bounded both from below in order to trust the effective field

theory, V ≥ 103, and from above to avoid tachyonic sleptons from anomaly mediation, V ≤ 105 [71].
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new degrees of freedom which can decay late changing the DM relic abundance produced

by the standard thermal freeze-out scenario. The presence of such fields is well motivated

from string theory where moduli fields naturally emerge in its low-energy 4D limit.

The paper is divided into two parts. In section 1, 2 and 3 we performed a model inde-

pendent analysis of supersymmetric models with non-thermal production of light higgsino

DM. In section 4 we presented instead a model dependent discussion of different string

models where a non-standard cosmology is motivated by the presence of moduli which de-

cay at late time. For each string model we studied theoretical and observational constraints

on higgsino non-thermal DM production.

The main conclusions of the model independent analysis developed in the first part of

the paper are:

1. In non-thermal cosmologies with an extra period of matter domination which ends

via reheating with temperatures of O(1–10) GeV (above BBN), light higgsinos with

masses as low as a few hundred GeV can correctly saturate the DM content measured

by the Planck satellite.

2. Such light higgsinos are very interesting from both a theoretical and an experimental

point of view. The fact that they are very light makes them easily accessible to both

indirect detection and collider searches.

3. The strongest bound from indirect detection imposes that non-thermally produced

higgsinos cannot be lighter than 300 GeV. This bound comes from Fermi-LAT dSph

where the dependence on the DM astrophysical profile is less important than in

galactic centre observations. Observations by future experiments like CTA, together

with data from Fermi-LAT GC, could cover essentially the entire parameter space of

this scenario. On the other hand, unlike in the thermal case, collider signals from

a 100 TeV machine could test directly this scenario using searches on monojet and

disappearing tracks.

From the model dependent discussion performed in the second part of the paper, we

can conclude that:

1. The main difference between LVS and KKLT scenarios for type IIB moduli stabilisa-

tion is that the last particle to decay in LVS models is the lightest modulus, while in

KKLT models it is the gravitino. However, both cases feature a late decaying particle

(scalar in LVS and fermion in KKLT) which motivates the analysis performed in the

first part of the paper. Depending on the scenario under consideration, the hierarchy

between the masses of the moduli, the higgsinos and the other superpartners can take

a different form.

2. When the visible sector is localised on D7-branes, both LVS and KKLT models with

stable higgsino LSP are plagued by the problem of DM overproduction since heavy

gaugino masses give rise a large contribution to higgsino masses at one-loop level.
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3. KKLT models with the visible sector on D3-branes still tend to have problems with

higgsino DM overproduction due to the fact that gauginos are heavy in order to have

gravitinos which decay before BBN. However, there is a fine-tuned region of the

underlying parameter space where the non-thermal production of light higgsinos can

yield the correct DM abundance.

4. LVS models with the visible sector on D3-branes seem to be the best option to realise

non-thermal scenarios with light higgsino DM. In fact, one-loop corrections to hig-

gsino masses are small since sequestering effects suppress gaugino masses with respect

to the mass of the decaying modulus. By exploiting the relation between the modulus

and the gaugino mass, we managed to rewrite the reheating temperature in terms

of the gaugino mass. This allowed us to introduce the effect of DM direct detection

searches. We have found that, on the one hand, it is necessary to use large scale DM

direct detection experiments (beyond 1 Ton) to constrain more than what indirect

detection already does, while, on the other hand, a large region of the parameter

space falls below the neutrino background, and so DM direct detection experiments

do not seem to be very useful to explore the parameter space of these theories.

Future experiments will be able to completely probe the underlying parameter space of

supersymmetric models with non-thermal light higgsino DM. This makes this scenario very

interesting from both DM detection and future collider searches at 100 TeV and motivates

a detailed analysis from both sides.
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