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• There are a multitude of Dark Matter 
candidates and production ways

    Within Supersymmetry (SUSY), two well-motivated SWIMP candidates:

q Gravitinos: Super Partner of the Graviton

q Neutralinos: gauge
     eigen-states of the
     neutral gaugino sector
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0
1 ! G̃h/Z essentially rules out a predominantly wino-

or Higgsino-like neutralino [6, 16]. Then, what remains
is a bino-like neutralino, which decays into a gravitino
predominantly via the two-body decay �

0
1 ! G̃�, whose

width is given by [6]
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where mPl is the reduced Planck mass, and ✓W is the
weak mixing angle.

Assuming decay at rest and that the energy carried
by the photon, E� = (m2

�0
1
� m

2
G̃

)/(2m�0
1
), is injected

entirely into the cosmic plasma, it is convenient to recast
the width (2) as

�(�0
1 ! G̃�) =

m
3
�0

1
cos2 ✓W

3⇡m
2
Pl

✏
3
em

2 � 3✏em

1 � 2✏em

' 2.2 ⇥ 10�14 s�1
✏
3
em

2 � 3✏em

1 � 2✏em

✓
m�0

1

GeV

◆3

,

(3)
with

✏em ⌘
E�

m�0
1

=
m

2
�0

1
� m

2
G̃

2m
2
�0

1

(4)

denoting the fraction of the neutralino mass released as
electromagnetic energy. Where kinematically allowed,
the additional decay channels �

0
1 ! G̃Z/h are also avail-

able. But, as said above, these channels are suppressed
for a bino-like �

0
1. Note that maximal energy injection is

represented by ✏em ! 0.5, which occurs as mG̃ ! 0.9

B. Axino superWIMPs

Axinos ã are the supersymmetric partners of the
axion—the dynamic field expected to solve the strong CP
problem—and appear in the axion supermultiplet after
the Peccei-Quinn (PQ) symmetry breaking in the form
A = (s + ia)/

p
2 +

p
2✓a + ✓

2
F , where a is the axion,

s the saxion,10 F the auxiliary superfield, and ✓ is the
Grassmanian coordinate. The axion couples derivatively
to quarks and to the gauge bosons with interactions sup-
pressed by the PQ breaking scale fa; the accompanying
SUSY interactions can be found by simply supersym-
metrising the e↵ective SM-axion interactions, i.e., the

9The limit mG̃ = 0 is ill-defined within theories of SUSY breaking
mechanisms. Since mG̃ is related to the SUSY breaking scale hF i,
the hF i ! 0 limit simply means a decoupled massless gravitino.
Swampland conjectures relate it to the massless limit of an infinite
tower of states and the breakdown of the e↵ective field theory [54].

10Although we will ignore the saxion for this work, saxions can also
form superWIMPs and be subject to cosmological energy injection
constraints.

axion supermultiplet A couples to the vector supermulti-
plet Va. The axion supermultiplet acquires a mass after
SUSY is broken. While the saxion mass is roughly set
by the the soft SUSY breaking scale, the axino mass de-
pends on the superpotential. For the purposes of this
work, we will take the axino mass to be a free parameter,
and note that its mass can range from eV to TeV scales.

Like gravitinos, axinos can be produced in the early
Universe in abundance via thermal scattering if the re-
heating temperature is large [55]. However, if the axino
is the LSP, production from the decay of a NLSP neu-
tralino population is also possible. Assuming a (pure)
bino decay, the decay width is given by [11, 12]
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Here, f

0
a ⌘ fa/N , where the factor N = 1 and N = 6

applies to the KSVZ and DFSZ axion, respectively; the
coe�cient CaY Y is a model-dependent O(1) number [11],
which we set to unity in this analysis without loss of
generality; and ✏em is given by Eq. (4), but with the
replacement mG̃ ! mã. Precision cosmology currently
limits the PQ breaking scale to fa & 108 GeV (via the
axion hot dark matter fraction) for all axion models,
while the DFSZ axion is further subject to red-giant
constraints on the axion-electron coupling, such that
fa & 1010 GeV [56]. Note also that for fa & 1012, the
axion can contribute significantly to the observed dark
matter abundance of the Universe.11

As in the case of the �
0
1 decay to gravitino, where kine-

matically viable, the decay �
0
1 ! ãZ is also allowed al-

beit suppressed relative to �
0
1 ! ã� in both the decay

width and the accompanying electromageatic energy re-
lease. The possibility also exists that the gravitino (ax-
ino) is the NLSP and decays into the axino (gravitino)
LSP accompanied by the release of an axion: this pro-
cess has in fact been claimed to solve the Hubble tension
through the injection of dark radiation [42].

III. COSMOLOGICAL AND COLLIDER
PROBES OF SUPERWIMPS

From the cosmological perspective, the two defining
features of superWIMPs are (i) the NLSP decays to the
LSP on cosmological time scales, and (ii) the decay is

11If the misalignment angle is O(1), such as in the post-inflationary
scenario, then to explain the observed dark matter abundance of
the Universe fixes fa ⇠ 1012 GeV. However, in the “anthropic” or
pre-inflationary scenario, the misalignment angle is random; in this
case there is no upper limit on fa.
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Collider searches—including searches of prompt decays
that occur at the interaction vertex and are hence sensi-
tive to photons plus missing energy signatures, and LLP
searches sensitive to delayed decays—probe proper de-
cay lengths of about 100 m. Thus, in order for colliders
to be sensitive to the gravitino superWIMP scenario, it
is a priori clear that a large mass hierarchy must exist
between the neutralino and the gravitino.

The LEP experiment has placed a lower bound on
the gravitino mass from the process e

+
e
�

! G̃G̃� of
mG̃ & 1.09 ⇥ 10�5 eV [75]. Furthermore, under the as-
sumption that the rest of the SUSY spectrum is decou-
pled apart from the selectron and the neutralino �

0
1, the

LEP searches exclude a neutralino mass of up to m�0
1
'

200 GeV for a gravitino mass of mG̃ . 10�5 eV. At
the LHC, gravitino searches have been conducted within
the context of Gauge Mediated Supersymmetry (GMSB)
breaking models [76]. These searches look for displaced
photons assuming a SUSY topology that yields the neu-
tralino NLSP. Assuming a decay channel with maximal
production cross-section in the pp ! q̃q̃ ! qq�

0
1�

0
1 fol-

lowed by the displaced photon signature of �
0
1 ! G̃�,

the ATLAS experiment rules out neutralino masses in
the range ⇠ 100 � 400 GeV for c⌧ ⇠ 10 � 104 cm [77].
The latest CMS result [78] at 13 TeV with 78 fb�1 lumi-
nosity excludes within these scenarios a neutralino mass
in the range m�0

1
⇠ 200�550 GeV, for c⌧ ⇠ 10�104 cm.

We will use these experimental bounds for illustrative
purposes, but emphasise that they are model-dependent.

Similar considerations apply to the axino superWIMP,
in which case we have an additional degree of freedom
in the neutralino decay width, namely the axion decay
constant f

0
a ⌘ fa/N . The proper decay length for the

axino follows simply from Eq. (5):
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As with the gravitino, collider constraints on the axino
superWIMP scenario depend in general on the model
specifics. Independently of the specifics, however, in or-
der for colliders to be sensitive to the parameter space,
the decay length should be . O(100) m. Within the con-
text of specific models, estimates have been made on the
capability of the LHC to probe axinos from neutralino
decays in prompt and LLP searches [28]. In this work we
will reinterpret existing LLP search results to put limits
on this decay process.

Finally, since we are dealing with long-lived neu-
tralinos, if they are light (GeV/sub-GeV), there is po-
tentially sensitivity at fixed-target experiments such as
CHARM [79, 80], NA62 [81], NOMAD [82], SHiP [83]

and SEAQuest [84], as well as at forward physics facility
experiments like FASER [30].

The production of neutralinos in fixed-target experi-
ments depend on the specifics of the model. Typically in
such experiments, a beam of particles with energies rang-
ing from ⇠ 100 GeV (SEAQuest) to ⇠ 450 GeV (SHiP,
NOMAD, NA62) collides with the target, thereby pro-
ducing a bunch of hadrons and weakly-interacting par-
ticles that could be captured in a far detector. If the
rest of the SUSY spectrum is decoupled and heavy, neu-
tralino production proceeds primarily from the decay of
pseudo-scalar and vector mesons. These neutralinos then
decay to gravitinos/axinos with decay widths given by
Eqs. (2) and (5). Thus, the number of long-lived neu-
tralino decays within a fixed-target experiment depends
on the decay lifetime, the Lorentz boost factor, and the
energy spectrum of the mesons specific to the experiment.
While a full analysis for each experiment is beyond the
scope of this work, a crude estimate suggests that the
NOMAD experiment can exclude up to m�0

1
' 300 MeV

for a fixed mã ' 1 MeV, assuming fa ' 103 GeV. For
the same fixed value of mã, a future experiment like SHiP
can rule out fa = 104 GeV for m�0

1
' 300 MeV.

As for FASER, a recent assessment of its feasibility to
probe light axinos and gravitinos found that, for mã '

10 MeV, it is possible to rule out fa ' 102
� 103 GeV for

m�0
1
' 300 MeV [85].

IV. IMPACT OF CONSTRAINTS ON THE
SUPERWIMP PARAMETER SPACE

Having discussed the relevant cosmological and col-
lider probes of superWIMPs, we are now in a position to
present the constraints on the gravitino and the axino su-
perWIMP parameter spaces. These are shown in Figs. 2
and 3 in the (m�0

1
, mLSP)- and (m�0

1
, ✏em)-projections,

highlighting respectively the hierarchical (m�0
1
� mLSP)

and degenerate (m�0
1
' mLSP) regions (recall that 2✏em =

�m
2
/m

2
�0

1
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2
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2
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2
LSP is the NLSP-LSP

squared-mass gap). Detailed discussions of these results
follow below.

A. Gravitino

Figure 2 shows the current and projected cosmologi-
cal and collider constraints on the gravitino superWIMP
parameter space in the (m�0

1
, mG̃)-plane (left panel) and

the (m�0
1
, ✏em)-plane (right panel). A quick glance at

both reveals that a large parameter region from the hi-
erarchical to the degenerate limit is strongly constrained
by a plethora of cosmological observations. In partic-
ular, we observe that for a neutralino mass fixed at
m�0

1
= 100 GeV, the totality of cosmological observa-

tions rules out gravitino masess lying in the range

0.8 . mG̃/GeV . 99.998, (15)
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where mPl is the reduced Planck mass, and ✓W is the
weak mixing angle.
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denoting the fraction of the neutralino mass released as
electromagnetic energy. Where kinematically allowed,
the additional decay channels �

0
1 ! G̃Z/h are also avail-

able. But, as said above, these channels are suppressed
for a bino-like �

0
1. Note that maximal energy injection is

represented by ✏em ! 0.5, which occurs as mG̃ ! 0.9

B. Axino superWIMPs

Axinos ã are the supersymmetric partners of the
axion—the dynamic field expected to solve the strong CP
problem—and appear in the axion supermultiplet after
the Peccei-Quinn (PQ) symmetry breaking in the form
A = (s + ia)/

p
2 +

p
2✓a + ✓

2
F , where a is the axion,

s the saxion,10 F the auxiliary superfield, and ✓ is the
Grassmanian coordinate. The axion couples derivatively
to quarks and to the gauge bosons with interactions sup-
pressed by the PQ breaking scale fa; the accompanying
SUSY interactions can be found by simply supersym-
metrising the e↵ective SM-axion interactions, i.e., the

9The limit mG̃ = 0 is ill-defined within theories of SUSY breaking
mechanisms. Since mG̃ is related to the SUSY breaking scale hF i,
the hF i ! 0 limit simply means a decoupled massless gravitino.
Swampland conjectures relate it to the massless limit of an infinite
tower of states and the breakdown of the e↵ective field theory [54].

10Although we will ignore the saxion for this work, saxions can also
form superWIMPs and be subject to cosmological energy injection
constraints.

axion supermultiplet A couples to the vector supermulti-
plet Va. The axion supermultiplet acquires a mass after
SUSY is broken. While the saxion mass is roughly set
by the the soft SUSY breaking scale, the axino mass de-
pends on the superpotential. For the purposes of this
work, we will take the axino mass to be a free parameter,
and note that its mass can range from eV to TeV scales.

Like gravitinos, axinos can be produced in the early
Universe in abundance via thermal scattering if the re-
heating temperature is large [55]. However, if the axino
is the LSP, production from the decay of a NLSP neu-
tralino population is also possible. Assuming a (pure)
bino decay, the decay width is given by [11, 12]
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Here, f

0
a ⌘ fa/N , where the factor N = 1 and N = 6

applies to the KSVZ and DFSZ axion, respectively; the
coe�cient CaY Y is a model-dependent O(1) number [11],
which we set to unity in this analysis without loss of
generality; and ✏em is given by Eq. (4), but with the
replacement mG̃ ! mã. Precision cosmology currently
limits the PQ breaking scale to fa & 108 GeV (via the
axion hot dark matter fraction) for all axion models,
while the DFSZ axion is further subject to red-giant
constraints on the axion-electron coupling, such that
fa & 1010 GeV [56]. Note also that for fa & 1012, the
axion can contribute significantly to the observed dark
matter abundance of the Universe.11

As in the case of the �
0
1 decay to gravitino, where kine-

matically viable, the decay �
0
1 ! ãZ is also allowed al-

beit suppressed relative to �
0
1 ! ã� in both the decay

width and the accompanying electromageatic energy re-
lease. The possibility also exists that the gravitino (ax-
ino) is the NLSP and decays into the axino (gravitino)
LSP accompanied by the release of an axion: this pro-
cess has in fact been claimed to solve the Hubble tension
through the injection of dark radiation [42].

III. COSMOLOGICAL AND COLLIDER
PROBES OF SUPERWIMPS

From the cosmological perspective, the two defining
features of superWIMPs are (i) the NLSP decays to the
LSP on cosmological time scales, and (ii) the decay is

11If the misalignment angle is O(1), such as in the post-inflationary
scenario, then to explain the observed dark matter abundance of
the Universe fixes fa ⇠ 1012 GeV. However, in the “anthropic” or
pre-inflationary scenario, the misalignment angle is random; in this
case there is no upper limit on fa.
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the additional decay channels �
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pressed by the PQ breaking scale fa; the accompanying
SUSY interactions can be found by simply supersym-
metrising the e↵ective SM-axion interactions, i.e., the

9The limit mG̃ = 0 is ill-defined within theories of SUSY breaking
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the hF i ! 0 limit simply means a decoupled massless gravitino.
Swampland conjectures relate it to the massless limit of an infinite
tower of states and the breakdown of the e↵ective field theory [54].
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SUSY is broken. While the saxion mass is roughly set
by the the soft SUSY breaking scale, the axino mass de-
pends on the superpotential. For the purposes of this
work, we will take the axino mass to be a free parameter,
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�
=

✓
↵

2

4⇡

◆
C

2
aY Y

m
3
�0

1

4⇡2f 0
a
2 cos2 ✓W

✏
3
em

' 2.1 ⇥ 10�15 s�1

⇥ C
2
aY Y ✏

3
em

✓
m�0

1

GeV

◆3✓ GeV

f 0
a/1016

◆2

.

(5)
Here, f
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applies to the KSVZ and DFSZ axion, respectively; the
coe�cient CaY Y is a model-dependent O(1) number [11],
which we set to unity in this analysis without loss of
generality; and ✏em is given by Eq. (4), but with the
replacement mG̃ ! mã. Precision cosmology currently
limits the PQ breaking scale to fa & 108 GeV (via the
axion hot dark matter fraction) for all axion models,
while the DFSZ axion is further subject to red-giant
constraints on the axion-electron coupling, such that
fa & 1010 GeV [56]. Note also that for fa & 1012, the
axion can contribute significantly to the observed dark
matter abundance of the Universe.11

As in the case of the �
0
1 decay to gravitino, where kine-

matically viable, the decay �
0
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width and the accompanying electromageatic energy re-
lease. The possibility also exists that the gravitino (ax-
ino) is the NLSP and decays into the axino (gravitino)
LSP accompanied by the release of an axion: this pro-
cess has in fact been claimed to solve the Hubble tension
through the injection of dark radiation [42].
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PROBES OF SUPERWIMPS

From the cosmological perspective, the two defining
features of superWIMPs are (i) the NLSP decays to the
LSP on cosmological time scales, and (ii) the decay is

11If the misalignment angle is O(1), such as in the post-inflationary
scenario, then to explain the observed dark matter abundance of
the Universe fixes fa ⇠ 1012 GeV. However, in the “anthropic” or
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case there is no upper limit on fa.
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Collider searches—including searches of prompt decays
that occur at the interaction vertex and are hence sensi-
tive to photons plus missing energy signatures, and LLP
searches sensitive to delayed decays—probe proper de-
cay lengths of about 100 m. Thus, in order for colliders
to be sensitive to the gravitino superWIMP scenario, it
is a priori clear that a large mass hierarchy must exist
between the neutralino and the gravitino.

The LEP experiment has placed a lower bound on
the gravitino mass from the process e

+
e
�

! G̃G̃� of
mG̃ & 1.09 ⇥ 10�5 eV [75]. Furthermore, under the as-
sumption that the rest of the SUSY spectrum is decou-
pled apart from the selectron and the neutralino �

0
1, the

LEP searches exclude a neutralino mass of up to m�0
1
'

200 GeV for a gravitino mass of mG̃ . 10�5 eV. At
the LHC, gravitino searches have been conducted within
the context of Gauge Mediated Supersymmetry (GMSB)
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the ATLAS experiment rules out neutralino masses in
the range ⇠ 100 � 400 GeV for c⌧ ⇠ 10 � 104 cm [77].
The latest CMS result [78] at 13 TeV with 78 fb�1 lumi-
nosity excludes within these scenarios a neutralino mass
in the range m�0
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⇠ 200�550 GeV, for c⌧ ⇠ 10�104 cm.

We will use these experimental bounds for illustrative
purposes, but emphasise that they are model-dependent.

Similar considerations apply to the axino superWIMP,
in which case we have an additional degree of freedom
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As with the gravitino, collider constraints on the axino
superWIMP scenario depend in general on the model
specifics. Independently of the specifics, however, in or-
der for colliders to be sensitive to the parameter space,
the decay length should be . O(100) m. Within the con-
text of specific models, estimates have been made on the
capability of the LHC to probe axinos from neutralino
decays in prompt and LLP searches [28]. In this work we
will reinterpret existing LLP search results to put limits
on this decay process.

Finally, since we are dealing with long-lived neu-
tralinos, if they are light (GeV/sub-GeV), there is po-
tentially sensitivity at fixed-target experiments such as
CHARM [79, 80], NA62 [81], NOMAD [82], SHiP [83]

and SEAQuest [84], as well as at forward physics facility
experiments like FASER [30].

The production of neutralinos in fixed-target experi-
ments depend on the specifics of the model. Typically in
such experiments, a beam of particles with energies rang-
ing from ⇠ 100 GeV (SEAQuest) to ⇠ 450 GeV (SHiP,
NOMAD, NA62) collides with the target, thereby pro-
ducing a bunch of hadrons and weakly-interacting par-
ticles that could be captured in a far detector. If the
rest of the SUSY spectrum is decoupled and heavy, neu-
tralino production proceeds primarily from the decay of
pseudo-scalar and vector mesons. These neutralinos then
decay to gravitinos/axinos with decay widths given by
Eqs. (2) and (5). Thus, the number of long-lived neu-
tralino decays within a fixed-target experiment depends
on the decay lifetime, the Lorentz boost factor, and the
energy spectrum of the mesons specific to the experiment.
While a full analysis for each experiment is beyond the
scope of this work, a crude estimate suggests that the
NOMAD experiment can exclude up to m�0

1
' 300 MeV

for a fixed mã ' 1 MeV, assuming fa ' 103 GeV. For
the same fixed value of mã, a future experiment like SHiP
can rule out fa = 104 GeV for m�0

1
' 300 MeV.

As for FASER, a recent assessment of its feasibility to
probe light axinos and gravitinos found that, for mã '

10 MeV, it is possible to rule out fa ' 102
� 103 GeV for

m�0
1
' 300 MeV [85].

IV. IMPACT OF CONSTRAINTS ON THE
SUPERWIMP PARAMETER SPACE

Having discussed the relevant cosmological and col-
lider probes of superWIMPs, we are now in a position to
present the constraints on the gravitino and the axino su-
perWIMP parameter spaces. These are shown in Figs. 2
and 3 in the (m�0

1
, mLSP)- and (m�0

1
, ✏em)-projections,

highlighting respectively the hierarchical (m�0
1
� mLSP)

and degenerate (m�0
1
' mLSP) regions (recall that 2✏em =

�m
2
/m

2
�0

1
, where �m

2
⌘ m

2
�0

1
�m

2
LSP is the NLSP-LSP

squared-mass gap). Detailed discussions of these results
follow below.

A. Gravitino

Figure 2 shows the current and projected cosmologi-
cal and collider constraints on the gravitino superWIMP
parameter space in the (m�0

1
, mG̃)-plane (left panel) and

the (m�0
1
, ✏em)-plane (right panel). A quick glance at

both reveals that a large parameter region from the hi-
erarchical to the degenerate limit is strongly constrained
by a plethora of cosmological observations. In partic-
ular, we observe that for a neutralino mass fixed at
m�0

1
= 100 GeV, the totality of cosmological observa-

tions rules out gravitino masess lying in the range

0.8 . mG̃/GeV . 99.998, (15)

q Big Bang Nucleosynthesis:  1. Photo-dissociation of Nuclei due to energy injection.
                                                    2. Changes of primordial abundances of H, He-3, He-4

q CMB Spectral Distortion:      1. Energy injection between 106 – 1013 s 
                                                    2. The blackbody spectrum is distorted. 

q CMB Anisotropies:  1. Energy injections for lifetimes > 1013 s affect temperature and polarization
                                      2. Ionizes neutral hydrogen. 
                                      3. Increases free electron fraction
                                      4. Changes acoustic peak patterns in the CMB angular spectrum. 
                                         
q Lyman-alpha forest:   1. Quasar spectra show Ly-a spectrum along the line of sight. 
                                          2. Probe of small-scale fluctuations
                                          3. SuperWIMPS with non-zero velocity dispersion, suppression of power spectrum.

q Relic Abundance: 1. Collider limits force neutralinos to masses above 34 GeV to satisfy relic abundance.
                                     2. s-wave annihilation with perturbative couplings limit it to below 100 TeV.

q Collider Constraints: Long-lived particle searches at the LHC and fixed target experiments.
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+
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qGravitino SuperWIMPS are extremely constrained from Cosmology
q  Axinos with decay constants ~  fa= 1014 GeV or above also have very strong constraints
qCollider constraints are sub-dominant and model dependent
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the most stringent limit at the short end of ⌧ comes cur-
rently from observations of the light element abundances
(shaded orange), although there is also a small region in
which BBN constraints are outperformed by Ly↵ obser-
vations (shaded pink).

Interestingly, for a large range of neutralino masses
subject to cosmological energy injection constraints—
specifically, where the aforementioned scaling of the m�0

1

bound applies—the same constraints also rule out a
massless axino (mã = 0). It is only in the degenerate
(m�0

1
' mã and ✏em ⌧ 0.5) region where the excluded

parameter space does not necessarily include mã = 0.
This conclusion is independent of the assumed value of f

0
a

and stands in stark contrast to the gravitino superWIMP
case, where the lower end of the exclusion region is al-
ways finite in mG̃, whose precise values depends on our
choice of m�0

1
[see Eq. (15) and (16)]. Cosmological en-

ergy injection constraints therefore appear to have more
drastic consequences for the axino than for the gravitino.

At the long end of the decay lifetime (⌧ ⇠ 1012
�1023 s),

the constraints again originate primarily from the Planck
measurements of the CMB anisotropies (although we re-
mind the reader here that the BBN limits have been cut
o↵ in this region only because of the lack of available cal-
culations in the literature, while for the Ly↵ constraints
our estimates of the free-streaming horizon may not suf-
fice to model the observable e↵ects of this parameter re-
gion; see Secs. IIIA and III D for details). The limits
imposed by the CMB anisotropies at this end is most
easily discernible in the right panels of Fig. 3 showing
the (m�0

1
, ✏em)-plane (lower edge of red-shaded area), and

translate generally into an upper limit of the axino mass.
Taking all observations into account, for the three values
of f

0
a considered in this work and various fixed neutralino

mass values, we find that cosmology constrains the axino
mass mã to the following:

• f
0
a = 1016 GeV:

m�0
1

= 100 GeV : 0 . mã/GeV . 99.992,

m�0
1

= 1 TeV : 0 . mã/GeV . 999.98,

m�0
1

= 2.7 TeV : 0 . mã/GeV . 2699.990,

m�0
1

= 4 TeV : 530 . mã/GeV . 3999.986,

(17)

• f
0
a = 1012 GeV:

m�0
1

= 100 GeV : 98 . mã/GeV . 100 � 5 ⇥ 10�5
,

m�0
1

= 1 TeV : 998.9 . mã/GeV . 1000 � 8 ⇥ 10�5

(18)

• f
0
a = 108 GeV:

m�0
1

= 10 GeV : 0.00017 . mã/GeV . 0.000019.

(19)

Thus, in terms of ruling out a large chunk of interesting
particle masses in the GeV-to-TeV region conventionally
of interest to collider searches, cosmological constraints

have the strongest impact for large axion decay constants
in the vicinity of f

0
a = 1016 GeV, ruling out neutralino

masses of up to ⇠ 3 TeV and all possible axino masses
up to the degenerate limit. The equivalent constraints in
the same mass region are currently significantly weaker
for smaller f

0
a values (i.e., f

0
a = 1012

, 108).
Having said the above however, we also observe that

only for f
0
a . 108 GeV does the neutralino lifetime be-

come short enough to be sensitive to LLP searches at
the LHC (bottom left panel of Fig. 3, purple- and blue-
shaded area). Specifically, for f

0
a = 108 GeV, LLP

searches at the LHC currently rule out neutralino and
axino masses in the ⇠ 50�500 GeV region, which can be
extended to ⇠ 80�800 GeV in the future by HL-LHC. As
in the gravitino case, reinterpretation of published AT-
LAS and CMS limits from the model-specific analyses
of [77, 78] (see Sec. IVA) forces us to impose a cut-o↵ on
the LHC exclusion regions, this time at mã ⇠ 100 GeV,
which may or may not be indicative of the true sensitiv-
ity of the LHC searches. Nonetheless, as can be seen in
Fig. 3, cosmological observations clearly have no sensi-
tivity to the parameter combinations probed at colliders.
The complementarity between cosmological observations
and collider searches is therefore self-evident.

V. CONCLUSIONS

We have revisited in this work cosmological con-
straints on Supersymmetric superWIMPs, and demon-
strated that cosmology provides strong limits on two of
the most well motivated candidates, the gravitino and
the axino.

For the gravitino, the totality of cosmological con-
straints from energy injection and free-streaming consid-
erations exclude neutralino and gravitino masses from
a few eV to several TeV (Fig. 2), e↵ectively ruling out
the bulk of the gravitino superWIMP parameter space.
Measurements of the CMB anisotropies by the Planck
CMB mission in particular extend the lifetime reach of
cosmological observations to unprecedentedly long time
scales (up to lifetimes of ⌧ ' 1023 s, several orders of
magnitude longer than the lifetime of the Universe thus
far). This enables us to close a large gap in the gravitino
mass in the degenerate region (mG̃ ' m�0

1
) previously

allowed by observations of the light element abundances
and CMB spectral distortions by COBE/FIRAS. Future
CMB probes such has CMB-S4 and LiteBird will con-
tribute to expanding this excluded region.

In contrast, LLP searches at the LHC have a signifi-
cantly smaller scope in terms of size of the gravitino su-
perWIMP parameter space accessible to these searches,
and the improvement expected from the upcoming HL-
LHC is modest in comparison with the already vast pa-
rameter region covered by cosmological observations—
up to masses of O(100) TeV, well beyond the kinematic
reach of current and future collider experiments. Collider
bounds are furthermore model-dependent and hinge on
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culations in the literature, while for the Ly↵ constraints
our estimates of the free-streaming horizon may not suf-
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easily discernible in the right panels of Fig. 3 showing
the (m�0

1
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Thus, in terms of ruling out a large chunk of interesting
particle masses in the GeV-to-TeV region conventionally
of interest to collider searches, cosmological constraints

have the strongest impact for large axion decay constants
in the vicinity of f

0
a = 1016 GeV, ruling out neutralino

masses of up to ⇠ 3 TeV and all possible axino masses
up to the degenerate limit. The equivalent constraints in
the same mass region are currently significantly weaker
for smaller f

0
a values (i.e., f

0
a = 1012

, 108).
Having said the above however, we also observe that

only for f
0
a . 108 GeV does the neutralino lifetime be-

come short enough to be sensitive to LLP searches at
the LHC (bottom left panel of Fig. 3, purple- and blue-
shaded area). Specifically, for f

0
a = 108 GeV, LLP

searches at the LHC currently rule out neutralino and
axino masses in the ⇠ 50�500 GeV region, which can be
extended to ⇠ 80�800 GeV in the future by HL-LHC. As
in the gravitino case, reinterpretation of published AT-
LAS and CMS limits from the model-specific analyses
of [77, 78] (see Sec. IVA) forces us to impose a cut-o↵ on
the LHC exclusion regions, this time at mã ⇠ 100 GeV,
which may or may not be indicative of the true sensitiv-
ity of the LHC searches. Nonetheless, as can be seen in
Fig. 3, cosmological observations clearly have no sensi-
tivity to the parameter combinations probed at colliders.
The complementarity between cosmological observations
and collider searches is therefore self-evident.

V. CONCLUSIONS

We have revisited in this work cosmological con-
straints on Supersymmetric superWIMPs, and demon-
strated that cosmology provides strong limits on two of
the most well motivated candidates, the gravitino and
the axino.

For the gravitino, the totality of cosmological con-
straints from energy injection and free-streaming consid-
erations exclude neutralino and gravitino masses from
a few eV to several TeV (Fig. 2), e↵ectively ruling out
the bulk of the gravitino superWIMP parameter space.
Measurements of the CMB anisotropies by the Planck
CMB mission in particular extend the lifetime reach of
cosmological observations to unprecedentedly long time
scales (up to lifetimes of ⌧ ' 1023 s, several orders of
magnitude longer than the lifetime of the Universe thus
far). This enables us to close a large gap in the gravitino
mass in the degenerate region (mG̃ ' m�0

1
) previously

allowed by observations of the light element abundances
and CMB spectral distortions by COBE/FIRAS. Future
CMB probes such has CMB-S4 and LiteBird will con-
tribute to expanding this excluded region.

In contrast, LLP searches at the LHC have a signifi-
cantly smaller scope in terms of size of the gravitino su-
perWIMP parameter space accessible to these searches,
and the improvement expected from the upcoming HL-
LHC is modest in comparison with the already vast pa-
rameter region covered by cosmological observations—
up to masses of O(100) TeV, well beyond the kinematic
reach of current and future collider experiments. Collider
bounds are furthermore model-dependent and hinge on

SuperWIMPs:
o product of decay 

of frozen-out WIMPs 
(if they are not the 
lightest particles)

o characterized by 
extremely weak 
interactions and 
tiny couplings

q Weakly Interacting Massive Particles 
(WIMPs): well-motivated candidates 
to account for observed relic density 
with a thermal freeze-out process

- lightest stable particle 
(LSP) in SUSY, but not in 
SuperGravity scenarios 

- with right annihilation, 
can freeze-out and 
account for all dark 
matter in the Universe 

- can be next-to-LSP and 
decay late to lighter 
states with long lifetimes

- can be also produced in early universe through thermal scattering
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the neutralino mass m�0
1
:

L = c⌧ ' 1.4 ⇥ 1022 m
1 � 2✏em

✏3em(2 � 3✏em)

 
GeV

m�0
1

!3

. (13)

Collider searches—including searches of prompt decays
that occur at the interaction vertex and are hence sensi-
tive to photons plus missing energy signatures, and LLP
searches sensitive to delayed decays—probe proper de-
cay lengths of about 100 m. Thus, in order for colliders
to be sensitive to the gravitino superWIMP scenario, it
is a priori clear that a large mass hierarchy must exist
between the neutralino and the gravitino.

The LEP experiment has placed a lower bound on
the gravitino mass from the process e

+
e
�

! G̃G̃� of
mG̃ & 1.09 ⇥ 10�5 eV [75]. Furthermore, under the as-
sumption that the rest of the SUSY spectrum is decou-
pled apart from the selectron and the neutralino �

0
1, the

LEP searches exclude a neutralino mass of up to m�0
1
'

200 GeV for a gravitino mass of mG̃ . 10�5 eV. At
the LHC, gravitino searches have been conducted within
the context of Gauge Mediated Supersymmetry (GMSB)
breaking models [76]. These searches look for displaced
photons assuming a SUSY topology that yields the neu-
tralino NLSP. Assuming a decay channel with maximal
production cross-section in the pp ! q̃q̃ ! qq�

0
1�

0
1 fol-

lowed by the displaced photon signature of �
0
1 ! G̃�,

the ATLAS experiment rules out neutralino masses in
the range ⇠ 100 � 400 GeV for c⌧ ⇠ 10 � 104 cm [77].
The latest CMS result [78] at 13 TeV with 78 fb�1 lumi-
nosity excludes within these scenarios a neutralino mass
in the range m�0

1
⇠ 200�550 GeV, for c⌧ ⇠ 10�104 cm.

We will use these experimental bounds for illustrative
purposes, but emphasise that they are model-dependent.

Similar considerations apply to the axino superWIMP,
in which case we have an additional degree of freedom
in the neutralino decay width, namely the axion decay
constant f

0
a ⌘ fa/N . The proper decay length for the

axino follows simply from Eq. (5):

L = c⌧ ' 14.15 m ✏
�3
em

 
f

0

a

108 GeV

!2 
100 GeV

m�0
1

!3

.

(14)
As with the gravitino, collider constraints on the axino
superWIMP scenario depend in general on the model
specifics. Independently of the specifics, however, in or-
der for colliders to be sensitive to the parameter space,
the decay length should be . O(100) m. Within the con-
text of specific models, estimates have been made on the
capability of the LHC to probe axinos from neutralino
decays in prompt and LLP searches [28]. In this work we
will reinterpret existing LLP search results to put limits
on this decay process.

Finally, since we are dealing with long-lived neu-
tralinos, if they are light (GeV/sub-GeV), there is po-
tentially sensitivity at fixed-target experiments such as
CHARM [79, 80], NA62 [81], NOMAD [82], SHiP [83]

and SEAQuest [84], as well as at forward physics facility
experiments like FASER [30].

The production of neutralinos in fixed-target experi-
ments depend on the specifics of the model. Typically in
such experiments, a beam of particles with energies rang-
ing from ⇠ 100 GeV (SEAQuest) to ⇠ 450 GeV (SHiP,
NOMAD, NA62) collides with the target, thereby pro-
ducing a bunch of hadrons and weakly-interacting par-
ticles that could be captured in a far detector. If the
rest of the SUSY spectrum is decoupled and heavy, neu-
tralino production proceeds primarily from the decay of
pseudo-scalar and vector mesons. These neutralinos then
decay to gravitinos/axinos with decay widths given by
Eqs. (2) and (5). Thus, the number of long-lived neu-
tralino decays within a fixed-target experiment depends
on the decay lifetime, the Lorentz boost factor, and the
energy spectrum of the mesons specific to the experiment.
While a full analysis for each experiment is beyond the
scope of this work, a crude estimate suggests that the
NOMAD experiment can exclude up to m�0

1
' 300 MeV

for a fixed mã ' 1 MeV, assuming fa ' 103 GeV. For
the same fixed value of mã, a future experiment like SHiP
can rule out fa = 104 GeV for m�0

1
' 300 MeV.

As for FASER, a recent assessment of its feasibility to
probe light axinos and gravitinos found that, for mã '

10 MeV, it is possible to rule out fa ' 102
� 103 GeV for

m�0
1
' 300 MeV [85].

IV. IMPACT OF CONSTRAINTS ON THE
SUPERWIMP PARAMETER SPACE

Having discussed the relevant cosmological and col-
lider probes of superWIMPs, we are now in a position to
present the constraints on the gravitino and the axino su-
perWIMP parameter spaces. These are shown in Figs. 2
and 3 in the (m�0

1
, mLSP)- and (m�0

1
, ✏em)-projections,

highlighting respectively the hierarchical (m�0
1
� mLSP)

and degenerate (m�0
1
' mLSP) regions (recall that 2✏em =

�m
2
/m

2
�0

1
, where �m

2
⌘ m

2
�0

1
�m

2
LSP is the NLSP-LSP

squared-mass gap). Detailed discussions of these results
follow below.

A. Gravitino

Figure 2 shows the current and projected cosmologi-
cal and collider constraints on the gravitino superWIMP
parameter space in the (m�0

1
, mG̃)-plane (left panel) and

the (m�0
1
, ✏em)-plane (right panel). A quick glance at

both reveals that a large parameter region from the hi-
erarchical to the degenerate limit is strongly constrained
by a plethora of cosmological observations. In partic-
ular, we observe that for a neutralino mass fixed at
m�0

1
= 100 GeV, the totality of cosmological observa-

tions rules out gravitino masess lying in the range

0.8 . mG̃/GeV . 99.998, (15)
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FIG. 1. Current and projected constraints on the frac-
tional energy injection ✏em as a function of decay lifetime ⌧
from the BBN light element abundances (H2 and He3), cur-
rent CMB measurements (FIRAS+Planck), and future CMB
probes (LiteBIRD+CMB-S4+PRISM). These constraints have
been extracted from Fig. 8 of Ref. [39], where the exclusion
limits correspond to the �� = 4 isocontours on a variable
fraction ffrac of dark matter decaying via DM ! �� for which
the fractional injection is always fixed at ✏em = 1; we have
reintepreted these isocontours to constraints on a variable ✏em
for a fixed ffrac = 1. The mapping is to a good approximation
one-to-one, provided that the initial energy injection exceeds
⇠ 100 MeV in the case of BBN and ⇠ 1 MeV in the case of
CMB. To illustrate the power of these constraints, the black
dashed lines indicate predictions for the gravitino superWIMP
scenario, based on Eq. (3), for several neutralino mass values.

accompanied by the release of electromagnetic radiation.
Irrespective of whether the NLSP or LSP accounts for the
entirety of the observed dark matter abundance, these
features can manifest themselves in precision cosmolog-
ical observables either via the electromagnetic radiation
or in the kinematic properties of the LSP itself. We elab-
orate on the relevant cosmological observables and how
they can be used constrain superWIMPs in the following
subsections. For completeness, we also discuss collider
probes of superWIMPs in Sec. III E.

A. Light element abundances

The main e↵ect of electromagnetic energy injection
into the plasma on the abundances of the light ele-
ments (Deuterium H2, Helium-3 He3, and Helium-4 He4)
from BBN is photo-dissociation, provided that the in-
jected energy exceeds the reaction threshold [typically
O(2 � 30) MeV; see, e.g., Table 1 of Ref. [57]]. How-
ever, the energy fraction available for photo-dissociation
is strongly suppressed if the injection occurs when the
plasma temperature is above T ⇠ 10 keV (or, equiv-
alently, t ⇠ 104 s). This is because, at these plasma
temperatures, energy injections that exceed even the

lowest photo-dissociation thresholds will also exceed the
threshold for pair production (�� ! e

+
e
�), Ec '

m
2
e/(22T ) [58, 59]. Given that CMB photons outnum-

ber baryons by a factor 109, pair production must dom-
inate over all other electromagnetic processes whenever
kinematically allowed, and quickly degrade the injected
energy to below the photo-dissociation threshold. For
this reason, as a tool for constraining electromagnetic
energy injection from particle decay, the light element
abundances are sensitive only to decay lifetimes longer
than ⌧ ⇠ 104 s.

Figure 1 shows the region on the (⌧, ✏em)-plane ex-
cluded by the H2 and He3 abundances (shaded or-
ange). These constraints have been extracted from
Fig. 8 of Ref. [39], itself based on Ref. [60]’s adaption
of Ref. [61]’s results, for initial energy injections larger
than ⇠ 100 MeV. Note that Ref. [39] had presented their
results in the form of constraints on a variable ffrac as
a function of the decay lifetime ⌧ , where ffrac is the
fraction of dark matter that decays via DM ! ��, i.e.,
the fractional energy injection is fixed at ✏em = 1. In
Fig. 1 we have reinterpreted these constraints to be up-
per limits on the fractional energy injection ✏em at a fixed
ffrac = 1. The reintepretation should to a good approxi-
mation be one-to-one, provided that, for the light element
abundances, the initial energy injection always respects
& 100 MeV. For sub-100 MeV injections, bounds on ffrac

or ✏em are strongly dependent on the initial energy in-
jection [57, 62, 63], making this mapping less straightfor-
ward. The hard cut-o↵ of the BBN limits at ⌧ ' 1012 s in
the figure is simply due to the lack of calculations in this
parameter region in the literature; we are otherwise not
aware of any fundamental reason why BBN constraints
cannot be extended to longer decay lifetimes.

To illustrate the power of energy injection constraints,
we have also ploted in Fig. 1 predictions for the gravitino
superWIMP scenario, based on Eq. (3), for a number of
�

0
1 masses from m�0

1
= 1 GeV and up to the unitarity

limit of m�0
1

= 100 TeV.12 We emphasise that for a given
mass hierarchy between the neutralino and the gravitino,
the amount of energy released and the lifetime are fixed
by Eq. (3). That is, there are no further variables that
can a↵ect the gravitino superWIMP predictions in Fig. 1.
As mentioned earlier, the maximal fractional energy re-
leased can never be exactly equal to 0.5, which signals a
massless gravitino.

12The unitarity limit quoted here comes from [64], which argues as
follows. In order for the neutralino to not exceed the upper limit
on the relic abundance, the velocity-averaged cross-section must
satisfy h�vi & 3 ⇥ 10�26 cm3 s�1. For an s-wave annihilation with
perturbative couplings, this imposes an upper limit on the neu-
tralino mass of m�0

1
. 30 � 100 TeV, depending on the nature of

the interaction. We take m�0
1
. 100 TeV as a conservative limit.
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FIG. 2. Left: Current and projected constraints on the gravitino superWIMP parameter space in the (m�0
1
,mG̃)-plane.

Exclusion regions labelled BBN, FIRAS+Planck, and FutureCMB are based on the energy injection considerations of Fig. 1.
The Lyman-↵ constraints are derived from upper limits on the WDM free-streaming horizon as a function of the WDM fraction
in Table I. Collider constraints from the LHC exclude the region shaded in purple, while projected constraints from HL-LHC
are shown in blue. The region marked “not superWIMP” does not satisfy the superWIMP condition m�0

1
> mG̃, while the

maximum value on the horizontal axis, m�0
1
= 100 TeV, corresponds to the unitarity limit (see Footnote 12). The hatched

region indicates where a neutralino abundance will overclose the Universe in the context of the freeze-out mechanism given
current collider constraints on the neutralino couplings [14]; we do not however enforce this constraint, since any one of non-
thermal production mechanism, late entropy injection, or modified cosmological histories could in principle weaken the exclusion
limit. For clarity, we also show several lines of constant neutralino lifetime (black short dashed lines) and constant gravitino
free-streaming horizon (black dotted lines). Right: Similar to the left panel, but in the (m�0

1
, ✏em)-plane and without LHC

constraints.

while for m�0
1

= 1 TeV the exclusion region lies in the
range

270 . mG̃/GeV . 999.997. (16)

As a rule of thumb, the lower end of these exclusion re-
gions in the gravitino mass mG̃ is driven by how short
a neutralino lifetime ⌧ a particular cosmological obser-
vation can probe with some precision, and is currently
dominated by energy injection constraints from observa-
tions of the primordial H2 and He3 abundances. This
limit can be seen most clearly in the left panel of Fig. 2
represented by the lower edge of the orange-shaded area
at m�0

1
. 1 TeV, and in the right panel by the upper

edge of the orange-shaded area at m�0
1
& 1 TeV. A future

CMB spectral distortion measurement by a PRISM-like
instrument will contribute to tightening the lower limit
on mG̃ primarily in the degenerate (m�0

1
' mG̃) region

at m�0
1
& 1 TeV (right panel, upper edge of the brown-

shaded area).
On the other hand, the upper end of the exclusion

ranges (15) and (16) is mainly determined by how long
a decay lifetime an observation can probe, and in this
regard, it is the energy injection limits from the Planck
CMB anisotropy measurements that dominate the cur-
rent constraints. The Planck CMB anistropy limit is
most evident in the right panel of Fig. 2 (lower edge of the
red-shaded area), and extends to lifetimes well in excess

of ⌧ ⇠ 1020 s, i.e., longer than the lifetime of the Uni-
verse thus far (t ⇠ 4⇥1017 s). Improvement from a future
CMB anisotropy measurement by LiteBIRD+CMB-S4 in
this region will however likely be marginal (right panel,
lower edge of the brown-shaded area), as the reach in
decay lifetime of these future observations is unlikely to
outperform the status quo by more than a factor of a few
(see also Fig. 1).

It is also interesting to consider what limits Ly↵ obser-
vations impose on the gravitino superWIMP parameter
space; the corresponding exclusion region is shaded pink
in both the left and right panels of Fig. 2. At face value
the Ly↵ bounds do not appear to add much to the en-
ergy injection constraints already discussed above in ei-
ther the (m�0

1
, mG̃)- or (m�0

1
, ✏em)-plane. However, while

BBN and CMB observations probe the electromagnetic
energy injected into the cosmic plasma, Ly↵ is sensitive
to the free-streaming properties of the gravitino itself and
therefore o↵ers a somewhat di↵erent perspective on the
superWIMP scenario. It also provides a useful constraint
on those scenarios not considered in this work wherein
the NLSP does not decay electromagnetically (e.g., de-
cay into neutrinos). We devote several paragraphs below
to explain the essential features of the Ly↵ constraint on
the gravitino superWIMP parameter space.

Observe first in the left panel of Fig. 2 that Ly↵ rules
out a substantial region around masses of O(1) GeV
to O(1) TeV in the (m�0

1
, mG̃)-plane, and, like the en-
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FIG. 3. Same as Fig. 2, but for the axino superWIMP assuming three di↵erent values of the axion decay constant. [For the
epsilon-mass plots the CMB contour data don’t cover entire parameter space and the LHC data contours look super wonky.
Please update.]


