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“Direct” evidence for dark matter from the Bullet Cluster, with baryonic
matter (red) and dark matter (blue) (cf. astro-ph/0608407). What is it made of?
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(1) Dark Matter and Supersymmetry

What are the constituents of the dark matter? Attractive candidates are
suggested by supergravity theories (elegant, unavoidable (?) extensions of
the standard model and Einstein gravity):

• the neutralino (WIMP), the superpartner of photon, Z and Higgs boson
(in some linear combination), most popular, many search experiments !!

• the gravitino, the superpartner of the graviton, gauge fermion of local
supersymmetry (analog of W-boson for weak interactions), theoretically
most attractive, all interactions fixed via symmetry !! First proposed dark
matter candidate (Pagels and Primack ’81), with m3/2 ∼ 1 keV (for negligable
neutrino masses).

• Other candidates: axion (axino), heavy ‘sterile’ neutrinos, ...
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Strong constraints on allowed dark matter candidates follow from the
‘reheating’ temperature TR in the hot phase of the early universe; relevant
temperature scales are determined by microscopic physics:

• 0.1 eV [1013 s]: decoupling of photons, CMB

• 0.1 . . . 10 MeV [102
. . . 10

−2
s]: primordial nucleosynthesis (BBN)

• ∼ 10 GeV [10−8 s]: WIMP decoupling, standard SUSY dark matter

• 100 GeV [10−10
s]: electroweak transition, sphaleron processes

• 106
. . . 1010 GeV [10−18

. . . 10−26 s]: leptogenesis, gravitino DM

• ∼ 1012 GeV [10−30 s]: ‘maximal’ temperature ?
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(2) Supergravity at Colliders

How can one detect gravitino dark matter? Cosmological observations? In case of a

τ̃ -NLSP, the gravitino may be discovered at LHC/ILC.

Gravitino couplings to τ - and τ̃ -leptons, photons, etc. are determined by symmetries,

L3/2 = − 1√
2MP

“
(Dν τ̃R)

∗
ψµ γ

ν
γµPRτ + c.c.

”
,

the couplings carry information on the gravitino spin,

τ

ψ3/2

γ

θ

γτ

θ = π

Previous studies for gauge mediation with m3/2 = O(MeV), yields long-lived τ̃ ’s;

studies for Tevatron, LHC, ILC (Feng, Moroi ’98; Martin, Wells ’99; Ambrosanio et al ’00); here:

‘metastable’ τ̃ ’s, with Γ−1
τ̃ > 104 sec and m3/2 = 10 . . . 100 GeV, study τ̃ -decays !!
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The gravitino mass can be kinematically determined from 2-body decay (with accuracy of

mτ̃ , Eτ , i.e., few GeV):

m
2
3/2 = m

2
τ̃ +m

2
τ − 2mτ̃Eτ .

The τ̃ -lifetime yields Planck’s mass:

M2
P(supergravity) =

“
m2
τ̃ −m2

3/2

”4

48πm2
3/2
m3
τ̃ Γτ̃

,

with mass dependence from derivative coupling. Comparison with the ‘macroscopic’

Planck’s mass (GN = 6.707(10) × 10−39 GeV−2):

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 .

Study of 3-body decay τ̃ → τ+ G̃+γ can in principle determine gravitino spin, s = 3/2

(at present ‘Gedankenexperiment’).

→ direct test of SUPERGRAVITY !! (WB, Hamaguchi, Ratz, Yanagida ’04)
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Monte Carlo Study for the ILC (Martyn ’06)

Case study: L ∼ 200 fb−1,
√
s = 420 GeV, σSUSY = 27 fb; yields ∼ 4000 slow

(β < 0.3) stau’s in hadron calorimeter (HCAL)

χ̃MSB P1
τ̃1τ̃1

ẽRẽR

µ̃Rµ̃R

χ̃0

1
χ̃0

1

pτ̃/mτ̃ = βγ τ jet Ejet [GeV]

mτ̃ [GeV] tτ̃ [s] m3/2(Γτ̃)[GeV ] m3/2(Eτ) [GeV]

185.2 ± 0.1 (9.1 ± 0.2) × 106 50 ± 0.6 50 ± 3

→ ‘microscopic’ determination of Planck mass with 10% accuracy !!
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Benchmarks for Metastable τ̃ ’s (De Roeck, Ellis, Gianotti, Moortgat, Olive, Pape ’05)

Compared to CMSSM with neutralino dark matter, gravitino dark matter with τ̃ -NLSP

opens new region in parameter space, e.g. in mSUGRA: small m0 with m3/2 = m0
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Typical τ̃ -lifetime: ∼ 104 − 3 × 106 s; other models: CMSSM, gaugino mediation,...;

study of τ̃ -decays after trapping them in the walls of ATLAS and CMS caverns ?!
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Stopping τ̃ ’s Near CMS (Hamaguchi, Kuno, Nakaya, Nojiri ’04; Feng, Smith ’04;

Hamaguchi, Nojiri, de Roeck ’06)

Slow τ̃ can be stopped in additional detector in the CMS cavern:
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Planck mass measurement with 50% accuracy possible for m3/2/mτ̃ > 0.2, i.e., Γ−1
τ̃ >

1 month (mτ̃ ∼ 200 GeV)
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Measuring the τ̃ -mass with ATLAS (Ellis, Raklev, Oye ’06)

τ̃ -mass can be measured from mτ̃ = pmeas/βγmeas, slow τ̃ ’s important! Background

from muon tracks, accurate measurement of τ̃ -mass possible
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also relevant for shorter τ̃ -lifetimes, e.g. O(103 s) and m3/2 = O(1 GeV) as in ‘Sweet

Spot Supersymmetry’ (Ibe, Kitano ’07)
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Gravitino LSP with broken R-Parity (WB, Covi, Hamaguchi, Ibarra, Yanagida ’07)

In the case of small R-parity breaking one can have ‘quasi-stable’ τ̃ ’s, with macroscopic

tracks of finite length in the detector, i.e., 10−11 s < Γ−1
τ̃ < 10−8 s. Such a small

breaking of ‘R-parity’ is obtained if tied to the breaking of B-L (see above),

λ ∼ h
(e,d)

Θ <∼ 10
−7
, Θ ∼

v2
B−L

MP
2
.

New decay channels become dominant eτR → τ νµ, µ ντ , eτL → bct (and ψ3/2 →
γν,...); the NLSP lifetime is ‘short’,

cτ
lep
τ̃ ∼ 30 cm

„
mτ̃

200GeV

«−1„ λ

10−7

«−2

.

Similar decay width for hadronic channel and for neutralino NLSP.

At LHC/ILC one should see spectacular signal with heavily ionising macroscopic charged

tracks, followed by a muon track or a jet and missing energy, corresponding to eτ → µντ
or eτ → τνµ. Collider studies in progress.
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(3) Gravitino Dark Matter

Can one understand the amount of dark matter,

ΩDMh
2 = 0.1126+0.0161

−0.0181 ,

where ΩDM = ρDM/ρc, if gravitinos are the dominant component, i.e., ΩDM ' Ω3/2?

Production mechanisms: (i) ‘Super-WIMPs’ (Feng, Rajaraman, Takayama ’03), i.e., gravitinos

from WIMP decays,

Ω3/2 =
m3/2

mNLSP

ΩNLSP ,

independent of initial temperature TR (!!), but disfavoured by BBN constraints; (ii)

Thermal production, dominated by 2 → 2 QCD processes, yields relic density

Ω3/2h
2 ' 0.3

„
TR

1010GeV

« 
100GeV

m3/2

!„
mg̃(µ)

1TeV

«
.

NOTE: wanted amount of dark matter for typical SUSY breaking parameters !!

12



Constraints from leptogenesis

Leptogenesis is attractive theory for

origin of matter; non-equilibrium

process yields quantitative relation

between neutrino masses and

baryon asymmetry. Detailed studies

for ‘simplest scenario’ (hierarchical

heavy neutrinos and sum over

lepton flavours); result: light

neutrino mass window, 10−3 eV <

mν < 0.1 eV (?) (current debate:

flavour dependence!) m̃1 (eV)
M

1
(G

eV
)

Robust lower bound (rather insensitive to flavour effects) on baryogenesis temperature

TB > 109 GeV (cf. WB, Di Bari, Plümacher,’04) → strong constraints on superparticle mass

spectrum and/or neutrino physics and baryogenesis!
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Constraints from Nucleosynthesis (BBN)
Gravitino problem: thermally

produced gravitino number density

grows with reheating temperature

after inflation,

n3/2

nγ
∝ α3

M2
p

TR.

Most stringent upper bound on TR
(Kawasaki, Kohri, Moroi ’05):

TR < O(1) × 10
5
GeV,

hence standard mSUGRA with

neutralino LSP incompatible with

thermal leptogenesis !!

Possible way out: Gravitino LSP (Bolz, WB, Plümacher ’98), but strong constraints also for

τ̃ -NLSP (Feng et al ’03; Fujii et al ’03; Ellis et al ’03, Roszkowski et al ’04; Steffen ’06;...)
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τ̃ -Catalyzed Nucleosynthesis

Metastable τ̃ ’s form bound states with positively charged nuclei during nucleosynthesis,

which leads to overproduction of 6Li [process: (4He τ̃) + d → 6Li + τ̃ ] (Pospelov ’06;

Kohri, Takayama ’06; Cybert et al ’06; Hamaguchi et al ’07); depends on τ̃ abundance

likely consequences: short τ̃ -lifetime, Γ−1
τ̃ < 103 . . . 104 s or entropy production,

∆ = (300 − 600)(mτ̃/100 GeV) (non-standard cosmology). Metastable τ̃ ’s at

colliders disfavoured ?! LATEST NEWS: JEDAMZIK, astro-ph 07/07 !!
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(4) R-Parity and B-L Breaking (WB, Covi, Hamaguchi, Ibarra, Yanagida ’07)

On theoretical grounds, theories with and without R-parity are on the same footing. Also

in string compactifications R-parity plays no preferred role. In models without R-parity (cf.

Allanach et al. ’04; Barbier et al. ’05) the lightest superparticle (LSP) is no longer stable and,

in general, it does not contribute to dark matter.

Stringent constraints on the lepton number and R-parity violating interactions

W∆L=1 = λikjlie
c
jlk + λ

′
kjid

c
iqjlk

from baryogenesis (sphaleron processes); requirement that baryon asymmetry not erased

before electroweak transition yields (Campbell et al., Fischler et al ’91)

λ , λ
′
< 10

−7
.

NOTE: For such a small breaking of R-parity a gravitino LSP has a lifetime much longer

than the age of the universe (Takayama, Yamaguchi ’00). Reason: the double suppression by
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inverse Planck mass and R-parity breaking coupling,

τ3/2 ∼ 1026s

„
λ

10−7

«−2„ m3/2

10 GeV

«−3

,

which is consistent with gravitino dark matter !! TODAY: LOLA, OSLAND, RAKLEV.

Bound from thermal leptogenesis on reheating temperature, TR >∼ 109 GeV, implies

m3/2 >∼ 5 GeV (gluino mass mg̃ = 500 GeV) to avoid overclosure of the universe.

The τ̃–NLSP lifetime is sufficiently short for λ, λ′ > 10−14,

τNLSP ' 103s

„
λ

10−14

«−2„ mNLSP

100 GeV

«−1

.

Therefore, consistent cosmology (nucleosynthesis, thermal leptogenesis, gravitino dark

matter) for 10−14 < λ, λ′ < 10−7 and m3/2 >∼ 5 GeV.

Can such small R-parity violating couplings occur in theoretically well motivated extensions

of the standard model? What are the constraints from neutrino physics, EGRET data etc?
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A Model for R-parity Breaking

Supersymmetric standard model with U(1)B−L and R-invariance,

WM = h
(u)
ij 10i10jHu + h

(d)
ij 5̄i10jHd + h

(ν)
ij 5̄i1jHd +

1

MP

h
(n)
ij 1i1jN

2 ;

VEVs of Hu and Hd generate Dirac masses of quarks and leptons, the VEV of the singlet

field N generates heavy Majorana masses for 1’s; superpotential for B-L breaking:

WB−L = X(NN c − Φ2) ,

with spectator field Φ (R-charge -1). VEV of Φ leads to the breaking of B-L,

〈N〉 = 〈N c〉 = 〈Φ〉 = vB−L ,

and also breaks R-parity, i.e., breaking of B-L is tied to the breaking of R-parity!.

The breaking of R-parity is transmitted to the low-energy degrees of freedom via higher-

dimensional operators leading to small bilinear R-parity breaking at low energies,

δW1 = µiΘ5̄iHu , µi = O(m3/2) , Θ =
v2
B−L

MP
2
' M3

MP

.
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Extragalactic Diffuse Gamma-Ray Emission

Decaying gravitino dark matter leads to an extragalactic diffuse gamma-ray flux with a

characteristic energy spectrum, corresponding to a red shifted monochromatic line. A

photon with measured energy E = m3/2/(2(1 + z)) has been emitted at the comoving

distance χ(z), with dχ/dz = (1 + z)−3/2/(a0H0

p
ΩM(1 + κ(1 + z)−3)) (a0: scale

factor, H0: Hubble parameter, κ = ΩΛ/ΩM ' 3, ΩΛ + ΩM = 1, assuming a flat

universe). This yields the photon flux (τ3/2 � H−1
0 )

E2dJeg

dE
= Cγ

0
@1 + κ

 
2E

m3/2

!3
1
A

−1/2 
2E

m3/2

!5/2

θ

 
1 − 2E

m3/2

!
,

with

Cγ =
Ω3/2ρc

8πτ3/2H0Ω
1/2
M

= 10−6 (cm2str s)−1GeV

„
τ3/2

1027s

«−1

;

here the gravitino density is taken equal to the Cold Dark Matter density: Ω3/2h
2 = 0.1,

ρc = 1.05 h2 × 10−5GeVcm−3, ΩM = 0.25, H0 = h 100 km s−1 Mpc−1,

h = 0.73; flux is normalized to expectation from theoretical model. In addition there is

an anisotropic halo contribution of comparable magnitude.
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Extragalactic diffuse gamma-ray flux obtained from EGRET data (1998)
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analysis of Strong, Moskalenko and Reimer, astro-ph/0406254 (2004), astro-ph/0506359 (2005);

subtraction of galactic component difficult astro-ph/0609768; extragalactic gravitino signal

consistent with data for m3/2 ∼ 10 GeV; halo component may partly be hidden in

anisotropic galactic gamma-ray flux → wait for GLAST !!
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Diffuse gamma-ray flux pbserved by EGRET (1998)

(from G. Bertone); strongest background from astrophysical sources in direction of galactic

center; cleanest signal oposite to the galactic signal and at the North/South poles
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Energy spectrum of halo signal expected by GLAST
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shown is the line from WIMP annihilation (mWIMP ∼ 100 GeV). Hope: similar line

from gravitino decay at Eγ ∼ 5 GeV !!
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SUMMARY

• Gravitino is viable dark matter candidate, favoured by the

simplest version of thermal leptogenesis

• Long-lived scalar τ -leptons lead to spectacular signatures at

LHC/ILC; more detailed studies needed

• For small R-parity breaking, gravitino dark matter is

consistent with BBN constraints; the photon flux from

gravitino decays may be discovered by GLAST
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