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Introduction
Many evidences of dark matter at different scales
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Introduction
Many evidences of dark matter at different scales

The main features of any dark matter candidate are:

⋆ weakly interacting

⋆ cold (may be warm)

⋆ long lived (not necessarily stable)!

lifetime > age of the Universe (∼ 1017s)
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Candidates for dark matter
Many! Some interesting candidates are:

Massive SM neutrinos (now excluded)

Axions

Heavy sterile neutrinos
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Candidates for dark matter
Many! Some interesting candidates are:

Massive SM neutrinos (now excluded)

Axions

Heavy sterile neutrinos

Neutralinos (requires R-parity)

Gravitinos

Axinos

Lightest Kaluza-Klein particle

...
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from Alessandro Strumia
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Why the gravitino?
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Gravitino dark matter
When the gravitino is the lightest supersymmetric particle, it constitutes a
very interesting (and promising!) candidate for the dark matter of the
Universe.

Gravitinos are thermally produced in the early Universe by QCD
processes. For example:
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Also produced by non-thermal processes (inflaton decay, NLSP decay)

The existence of relic gravitinos is unavoidable. Whether they constitute
the dark matter or not is just a quantitative question.
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From M. Bolz

The interactions of the gravitino with the MSSM particles are fixed by
the symmetries
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The interactions of the gravitino with the MSSM particles are fixed by
the symmetries

The relic abundance is calculable in terms
of very few parameters Bolz, Brandemburg, Buchmüller

Ω3/2h
2 ≃ 0.1

(
TR

109 GeV

) (
5 GeV
m3/2

) ( meg

500GeV

)2

NICELY COMPATIBLE WITH LEPTOGENESIS!

(TR >∼ 10
9GeV)
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The interactions of the gravitino with the MSSM particles are fixed by
the symmetries

The relic abundance is calculable in terms
of very few parameters Bolz, Brandemburg, Buchmüller

Ω3/2h
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However, it is undetectable in direct searches.
This is a disadvantage rather than a problem.
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There is a potential conflict between leptogenesis and Big Bang
Nucleosynthesis.
If R-parity is conserved, the NLSP can only decay into gravitinos and
SM particles, with a decay rate suppressed by MP :

ΓNLSP ≃
m5

NLSP

48πm2
3/2M

2
P

=⇒ very long lifetimes.
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There is a potential conflict between leptogenesis and Big Bang
Nucleosynthesis.
If R-parity is conserved, the NLSP can only decay into gravitinos and
SM particles, with a decay rate suppressed by MP :

ΓNLSP ≃
m5

NLSP

48πm2
3/2M

2
P

=⇒ very long lifetimes.

The leptogenesis constraint TR >
∼ 109 GeV requires for gravitino dark

matter m3/2 >∼ 5 GeV. Then,

τNLSP ≃ 2 days
( m3/2

5 GeV

)2
(

150GeV

mNLSP

)5

The NLSP is present during and after BBN. The decays could
jeopardize the abundances of primordial elements.
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Summary of the implications of a high reheat temperature (TR >
∼ 109 GeV)

for gravitino dark matter:

gravitino LSP

neutralino NLSP RH stau NLSP other candidates

�
�

�
�

��� ?

H
H

H
H

HHj

? ? ?

χ0
1 → ψ3/2 hadrons Catalytic production

of 6LiHadrodissociation of
primordial elements

stop
LH sneutrino
RH sneutrino

Conflict with BBN Conflict with BBN
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Summary of the implications of a high reheat temperature (TR >
∼ 109 GeV)

for gravitino dark matter:
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1 → ψ3/2 hadrons Catalytic production

of 6LiHadrodissociation of
primordial elements

stop
LH sneutrino
RH sneutrino

Conflict with BBN Conflict with BBN

BBN is the Achilles’ heel of gravitino dark matter

Root of all the problems: the NLSP is very long lived.

Simple solution: get rid of the NLSP before BBN −→ R-parity violation

Alejandro Ibarra (DESY) Gravitino Dark Matter – p.9/29



Gravitino DM with broken R-parity
⋆ When R-parity is broken, the superpotential reads:

W = WMSSM + µi(HuLi) + 1
2
λijk(LiLj)e

c
k + λ′

ijk(QiLj)d
c
k + λ

′′

ijk(u
c
id
c
jd
c
k)

The coupling λijk induces the decay of the right-handed stau. For example,

eτR → µ ντ with lifetime:

τeτ ≃ 103s
`

λ
10−14

´−2 ` meτ
100 GeV

´−1

Even with a tiny amount of R-parity violation (λ >∼ 10−14)

the stau will decay before the time of BBN.

Alejandro Ibarra (DESY) Gravitino Dark Matter – p.10/29



Gravitino DM with broken R-parity
⋆ When R-parity is broken, the superpotential reads:

W = WMSSM + µi(HuLi) + 1
2
λijk(LiLj)e

c
k + λ′

ijk(QiLj)d
c
k + λ

′′

ijk(u
c
id
c
jd
c
k)

The coupling λijk induces the decay of the right-handed stau. For example,

eτR → µ ντ with lifetime:

τeτ ≃ 103s
`
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10−14

´−2 ` meτ
100 GeV

´−1

Even with a tiny amount of R-parity violation (λ >∼ 10−14)

the stau will decay before the time of BBN.

⋆ The lepton/baryon number violating couplings λ, λ′, λ′′ can erase the
lepton/baryon asymmetry. The requirement that an existing baryon asymmetry is

not erased before the electroweak transition implies:
Campbell, Davidson, Ellis, Olive
Fischler, Giudice, Leigh, Paban
Dreiner, Ross

λ, λ′ <∼ 10−7

Plenty of room! 10−14 <∼ λ, λ′ <∼ 10−7. In this range leptogenesis is unaffected.
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⋆ Interestingly, even though the gravitino is no longer stable, it still constitutes a
viable dark matter candidate. It decays for example ψ3/2 → νγ, with lifetime:

τ3/2 ∼ 1026s
`

λ
10−7

´−2
“

m3/2

10 GeV

”−3

(Remember: age of the Universe ∼ 1017s)

Stable enough to constitute the dark matter of the Universe. Takayama, Yamaguchi
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In summary: A scenario with the gravitino as LSP with a mass in the range

5-300 GeV, and a small amount of R-parity violation, 10−14 <∼ λ, λ′ <∼ 10−7,

provides a good candidate for dark matter and provides a consistent thermal
history of the Universe (allows leptogenesis and successful BBN).
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τ3/2 ∼ 1026s
`
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´−2
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m3/2
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”−3

(Remember: age of the Universe ∼ 1017s)

Stable enough to constitute the dark matter of the Universe. Takayama, Yamaguchi

In summary: A scenario with the gravitino as LSP with a mass in the range

5-300 GeV, and a small amount of R-parity violation, 10−14 <∼ λ, λ′ <∼ 10−7,

provides a good candidate for dark matter and provides a consistent thermal
history of the Universe (allows leptogenesis and successful BBN).

The gravitino is still undetectable in direct dark matter searches. But the R-parity

violating decay of the gravitino into photons, positrons, antiprotons and neutrinos
opens the possibility of the indirect detection.
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DATA!
Gamma rays

Gravitinos with a mass of several GeV decay producing photons in the
GeV range −→ gamma rays.

EGRET measured gamma rays with energies between 30 MeV and 100 GeV.

The first analysis from Sreekumar et al. gave an extragalactic flux
described by the power law

E2 dJ
dE = 1.37 × 10−6

(
E

1 GeV

)
−0.1

(cm2str s)−1GeV, for 50 MeV<∼ E <∼ 10 GeV

Close to the prediction for the γ- ray flux from gravitino decay when λ ≃ 10−7!!
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The more recent analysis by Strong, Moskalenko and Reimer (’04) shows a power law

behaviour between 50 MeV and 2 GeV, but a clear excess between 2 GeV and 50GeV!!
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The photon flux from the decay of gravitinos may be hidden in this excess.

Still, many open questions:

⋆ Extraction of the signal from the galactic background

⋆ Is the signal isotropic/anisotropic?

⋆ Precise shape of the energy spectrum?

⋆ Is the excess really there? Stecker, Hunter & Kniffen

GLAST will clarify these issues.
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0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.1 1 10 100

0.01

0.1

Energy (GeV)

Po
si

tr
on

 f
ra

ct
io

n 
e+

/(
e+

+
e− ) Leaky box

Fanselow 69
Agrinier 69
Daugherty 75
Buffington 75
Muller 87
Golden 87

Golden 94
Golden 96
Clem 96
Basini 95
Barbiellini 96
HEAT-combined

HEAT-combined

Errors for leaky box

Leaky box

Diffusion

a

b

PAMELA will provide an accurate measurement of the positron fraction.
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Gravitino decay channels
ψ3/2

γ

γ
ν

Light gravitino m3/2 <∼MW

ψ3/2 → γν

Γ(ψ3/2 → γν) =
1

32π
|Uγ̃ν |2

m3
3/2

M2
P
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Gamma-ray flux from gravitino decay
The energy spectrum of photons from gravitino decay is

dNγ

dE
≃ BR(ψ3/2 → γν) δ

“

E −
m3/2

2

”

+ BR(ψ3/2 →Wℓ)
dNW

γ

dE
+ BR(ψ3/2 → Z0ν)

dNZ
γ

dE
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Gamma-ray flux from gravitino decay
The energy spectrum of photons from gravitino decay is

dNγ

dE
≃ BR(ψ3/2 → γν) δ

“

E −
m3/2

2

”

+ BR(ψ3/2 →Wℓ)
dNW

γ

dE
+ BR(ψ3/2 → Z0ν)

dNZ
γ
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The branching ratios are determined by the relative size of the mixing parameters

|Ueγν | ≃
»
(M2 −M1)sW cW
M1c2W +M2s2W

–
|U eZν |

|UfWℓ| ≃
√

2cW
M1s

2
W +M2c

2
W

M2
|U eZν |

Assuming gaugino mass universality at the Grand Unified Scale,

|Ueγν | : |U eZν | : |UfWℓ| ≃ 1 : 3.2 : 3.5

m3/2 BR(ψ3/2 → γν) BR(ψ3/2 → Wℓ) BR(ψ3/2 → Z0ν)

10 GeV 1 0 0

85 GeV 0.66 0.34 0

100 GeV 0.16 0.76 0.08

150 GeV 0.05 0.71 0.24

250 GeV 0.03 0.69 0.28
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Gamma-ray flux from gravitino decay
The energy spectrum of photons from gravitino decay is
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Gamma ray spectrum
If gravitinos decay, we expect a diffuse background of gamma rays with
two different sources.

The decay at cosmological distances gives rise to a perfectly isotropic

extragalactic diffuse gamma-ray flux.
The decay of the gravitinos in the Milky Way halo gives rise to an anisotropic γ
ray flux

The precise value of the flux depends on the halo profile. Averaging over all
sky, one finds typically D̄γ/Cγ ∼ O(1) −→ the halo contribution dominates
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γ ray spectrum for light gravitinos m3/2 <∼MW

Bertone, Buchmüller, Covi, AI
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γ ray spectrum for “not-so-light” gravitinos 100 GeV <∼ m3/2 <∼ 300 GeV

The total flux receives contribution from different sources.

AI, Tran

|Ueγν | : |U eZν
| : |UfWℓ

| ≃ 1 : 3.2 : 3.5
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Gamma-ray spectrum for m3/2 = 150 GeV
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γ ray spectrum for “not-so-light” gravitinos 100 GeV <∼ m3/2 <∼ 300 GeV
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γ ray spectrum for “not-so-light” gravitinos 100 GeV <∼ m3/2 <∼ 300 GeV
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Positron fraction
The fragmentation of the W and Z bosons produces positrons.

The positrons travel under the influence of the tangled magnetic field of
the galaxy and lose energy −→ Complicated propagation equation.
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Positron fraction
The fragmentation of the W and Z bosons produces positrons.

The positrons travel under the influence of the tangled magnetic field of
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Improved data from PAMELA soon!
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Wish list
What will make me believe in decaying gravitino dark matter

1– No positive signal from direct dark matter search experiments.
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5– PAMELA confirms the anomaly in the positron fraction.
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5– PAMELA confirms the anomaly in the positron fraction.
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7– m(γ)
3/2 ≃ m
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8– Low energy supersymmetry is discovered at the LHC.
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8– Low energy supersymmetry is discovered at the LHC.

9– If the stau is the NLSP, the main decay is τ̃R → τ νµ, µ ντ (through λLLec)

cτ
lep
τ̃ ∼ 15 cm

(
mτ̃

400GeV

)
−1 (

λ323

10−8

)
−2

Long heavily ionizing charged track followed by a muon track or a jet.
A very spectacular signal at colliders!
The determination of the R-parity violating coupling would lead to a
relation of the gravitino lifetime and the gravitino mass:

τ3/2 ∼ 1026s
( m3/2

150GeV

)
−3 (

meτ

400GeV

) (
τeτ

10−8s

)
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Gamma rays as a thermometer of the Universe?
If the scenario of decaying dark matter turns out to be correct, there might
be a chance of measuring the temperature of the early Universe.
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The thermal relic abundance of gravitinos is given by

Ω3/2h
2 ≃ 0.1

(
TR
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If there is only thermal production

TR ≃ 3 × 1010GeV
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In general

TR <
∼ 3 × 1010GeV
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Conclusions
Gravitino dark matter is a very interesting scenario.

Gravitino dark matter with R-parity violation is even more interesting.
The potential conflict of BBN and leptogenesis is automatically solved,
while preserving the nice features of the gravitino as dark matter. Also,
indirect detection might be possible!

The anomalies observed in the extragalactic gamma-ray flux (EGRET)
and the positron fraction (HEAT) can be simultaneously explained by
the decay of the gravitino.

Future experiments (GLAST, PAMELA, LHC, XENON, CDMS...) will
provide indications for this scenario or evidences against it.

If this scenario is confirmed, there might be a chance of measuring the
temperature of the early Universe.
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Isotropy of the signal
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l b Intensity 0.1-10 GeV Description

0–360 < −10, > +10 11.10 ± 0.12 N+S hemispheres

0–360 < −10 11.70 ± 0.15 N hemisphere

0–360 > +10 9.28 ± 0.21 S hemisphere

270–90 < −10, > +10 11.90 ± 0.17 Inner Galaxy N+S

90–270 < −10, > +10 9.75 ± 0.17 Outer Galaxy N+S

0–180 < −10, > +10 10.80 ± 0.17 Positive longitudes N+S

180–360 < −10, > +10 11.60 ± 0.16 Negative longitude N+S

270–90 > +10 13.00 ± 0.22 Inner Galaxy N

270–90 < −10 9.14 ± 0.32 Inner Galaxy S

90–270 > +10 10.60 ± 0.22 Outer Galaxy N

90–270 < −10 8.18 ± 0.34 Outer Galaxy S
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What are typical values for |Uγ̃ν |, |UZ̃ν |, |UW̃ℓ|?

When R-parity is broken neutralinos mix with neutrinos, through the sneutrino vev

B ν

<ν>

W0 ν

<ν>
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B ν

<ν>

W0 ν
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Z0 ν

<ν>

γ ν

<ν>

−→ |UZ̃ν | ≃ g
2cW

〈eν〉
M eZ
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γ ν

<ν>

Mγ Z

Z0
−→ |Uγ̃ν |

|Ueγν | ≃
„

(M2 −M1)sW cW
M1c2W +M2s2W

«
|U eZν |

Assuming universality at the GUT scale, |Ueγν | ≃ 0.32|U eZν |
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Also, the charginos mix with the charged leptons

W l

<ν>
−→ |UW̃ l| ≃ g√

2

〈eν〉
MfW

|UfWℓ| ≃
√

2cW
M1s

2
W +M2c

2
W

M2
|U eZν |

Assuming universality at the GUT scale, |UfWℓ| ≃ 1.09|U eZν |
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