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Why is

Dark Matter

an exciting topic?
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There is striking

evidence for

Dark Matter ...
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Evidence for Dark Matter in the Universe

! Spiral Galaxies

* Rotation Curves
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Evidence for Dark Matter in the Universe

! Spiral Galaxies

* Rotation Curves

! (Super-) Clusters of Galaxies

* Galaxy Velocities ↔ X-Rays

* Weak Gravitational Lensing

* Strong Gravitational Lensing



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders

Evidence for Dark Matter in the Universe

! Spiral Galaxies

* Rotation Curves

! (Super-) Clusters of Galaxies

* Galaxy Velocities ↔ X-Rays

* Weak Gravitational Lensing

* Strong Gravitational Lensing

! Large Scale Structure

* Structure Formation
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tot

Evidence for Dark Matter in the Universe

! Spiral Galaxies

* Rotation Curves

! (Super-) Clusters of Galaxies

* Galaxy Velocities ↔ X-Rays

* Weak Gravitational Lensing

* Strong Gravitational Lensing

! Large Scale Structure

* Structure Formation

! CMB Anisotropy: WMAP, ...

* Ωtot = 100%

* ΩM = 27%

* ΩB = 5%
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WMAP
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!! = 0.005 %

dark matter
!DM = 22 %

critical density!tot=100 %

!M=26%
matter

!B=4 %
baryons
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What is

the identity of

 Dark Matter ?



• stable or lifetime well above 

the age of our Universe 

• electrically neutral

• clusters 

• “cold”

• dissipationless 

• color neutral

Properties of Dark Matter
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The Standard Model
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@

eH0
d

eH−

d

1
A (1 ,2 )+1



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders

Properties of Neutrino Dark Matter

• stable → τDM
>
∼

age of our Universe

• clusters ← gravitation

• fast – “hot”

• electrically neutral

• color neutral

• explain: non-observation in the lab

Neutrino Dark Matter = Hot Dark Matter

in conflict with Large Scale Structure

12

[ Yvonne Y. Y. Wong et al.]nce the neutrinos of t
t,

∑
i
mνi

! O(1 eV)
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Dark Matter

Physics beyond

 the Standard Model



GAUGE Gauge bosons Gauginos `

SU(3)c, SU(2)L
´

Y

B-boson, bino A
(1) a
µ = Bµ δ
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0
@

eH+
u

eH0
u

1
A (1 ,2 )+1

Every Particle 
of the 

Standard Model 
has a 

Superpartner 

Minimal 
Supersymmetric 

Extension 
of the 

Standard Model

Supersymmetry
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Conservation of R-Parity

• superpotential: WMSSM ← W∆L + W∆B

• non-observation of L & B violating processes (proton stability, ...)

• postulate conservation of R-Parity ← multiplicative quantum number

PR = (−1)3(B−L)+S =





+1 for SM, Hu, Hd

−1 for X̃ ← superpartners

The lightest supersymmetric particle (LSP) is stable!!!

SM1

SUSY

SM2R-ParitySM

SUSY1

SUSY2

R-Parity

15
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Gauge Couplings Gaugino Mass Parameters
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Gauge Coupling Unification at MGUT ≃ 2 × 10
16

GeV

(Super-) Gravity

Dark Matter

Hierarchy Stabilization

Gauge Coupling Unification

Consistent String Theory

Extension of Space-Time Symmetry

Why Supersymmetry?
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Supersymmetric Dark Matter Candidates

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... BBN + eτ decay analysis: m eG
, MPl (?)

ea
“

p

fa

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

fa ! 109 GeV ... BBN + eτ decay analysis: mã, fa

17
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Dark Matter

  
Neutralino LSP
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χ̃
0

1
LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ
0
1 g, g’ WIMP ← cold • indirect detection (EGRET, GLAST, ...)

weak freeze out neutralino pair annihilation

eχ
0
1 eχ

0
1 → SM1 SM2

• direct detection (CRESST, EDELWEISS, ...)

elastic neutralino scattering

eχ
0
1 A → eχ

0
1 A

• prod.@colliders (Tevatron, LHC, ILC, ...)

neutralino pair production

p p → eχ
0
1 eχ

0
1 ... (Tevatron, LHC)

e
+

e
−

→ eχ
0
1 eχ

0
1 ... (ILC)

[Talk by Manuel Drees]

Ωeχ
0

1
= ΩDM is possible!!!

(? natural ?)

20  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich)

Ωeχ0

1

h2 = meχ0

1

Y dec
eχ0

1

s(T0)h2/ρc
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Ωeχ0

1

h2 = meχ0

1

Y dec
eχ0

1

s(T0)h2/ρc
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χ̃
0

1
LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ
0
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• direct detection (CRESST, EDELWEISS, ...)
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1 A
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0
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e
+

e
−

→ eχ
0
1 eχ

0
1 ... (ILC)

[Talk by Manuel Drees]

Ωeχ
0

1
= ΩDM is possible!!!

(? natural ?)

Neutralino

Neutralino

energetische
kosmische
Strahlung

[a] [b]

[c]

[f][e]

Neutralino

Atomkern

Wärme

Rückstoß

Proton

Proton

Neutralino

Neutralino

Standard-
modell-
teilchen

MAGIC

ATLAS

[d]

CRESST

promising experimental prospects

21  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich)
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 Neutralino DM Production at the LHC

SM Particles

SM Particles
Neutralino

Neutralino
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... however, SUSY

phenomenology

might look very 

different ...



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 25

Dark Matter

  
Gravitino LSP
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Supersymmetric Dark Matter Candiates

LSP ID spin mass interaction

lightest neutralino eχ0

1
eB, fW, eH0

u, eH0

d
1

2
O(100 GeV) g, g’

∈ MSSM mixture M1, M2, µ, tan β weak

gravitino eG superpartner of 3

2
eV − TeV

“
p

MPl

”n

∗ gravity the graviton SUSY breaking extremely weak

26

gauge-MSB gravity-MSB
gaugino-MSB

anomaly-MSB

light 
gravitino

1 eV-1 GeV

weak-scale 
gravitino

0.01-1 TeV

heavy 
gravitino
1-100 TeV

mirage-MSB
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The general supergravity Lagrangian (N = 1, d = 4)

1

e
L = −

M2

P

2
R + gij∗Dµφ

i
D

µ
φ
∗j

−

1

2
g
2

[
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−1

]ab
DaDb

+igij∗χ
j
L

γ
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i
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µνρσ
ψLµγνDρψLσ

−

1

4
RefabF
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µν

F
b,µν

+
1

8
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[
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2g∂iDaλ
a

χ
i
L +
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4

√

2g
[
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]ab
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χ
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L
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16

√
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µ
, γ

ν
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µν

−

1

2MP

gDaλ
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Rγ

µ
ψµ

−

i

2MP

√

2gij∗Dµφ
∗j

ψ
ν

γ
µ

γ
ν

χ
i
L + h.c.

]

−

i

8MP
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m

, γ
n
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µ
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a
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a
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−e
K/2M2
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4M2
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W
∗

ψRµ[γ
µ

, γ
ν
]ψLν +

1

2MP

√

2DiWψµγ
µ

χ
i
L

+
1

2
DiDjWχ c

L
i
χ

j
L

+
1

4
g

ij∗
Dj∗W

∗

∂ifabλ
a
Rλ

b
L + h.c.

]

−e
K/M2

P

[

g
ij∗

(DiW )
(

Dj∗W
∗

)

− 3
|W |2

M2

P

]

+ O(M
−2

P
) .

→ find low-energy effective theory
27  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich)

gravitino

Planck scale gaugino

gauge boson

The Supergravity Lagrangian (N=1, d=4)

[Cremmer, Ferrara, Girardello, Van Proeyen, ’83]
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... + eτ decay analysis: m eG
, MPl (?), ...

BBN

CMB

γ rays
[... ; Bolz, Brandenburg, Buchmüller, ’01]

[Pradler, FDS, ’06]

[Rychkov, Strumia, ’07] (gauge dep.)

+

g
a

g
b

g
c

a

g
c

eG

...

Very Early Hot Universe

T ~ 107 GeV

28
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Thermal Gravitino Production in SUSY QCD

• A: ga + gb
→ g̃c + eG

+

g
a

g
b

g
c

a

g
c

+

g
a

g
b

g
c

a

g
a +

g
a

g
b

g
c

a

g
b

g
a

g
b

g
c

a

• B: ga + g̃b
→ gc + eG (crossing of A)

• C: q̃i + ga
→ q̃j + eG qi

g
a

qj

a

g
a

• D: ga + qi → q̃j + eG (crossing of C)

• E: ¯̃
iq + qj → ga + eG (crossing of C)

• F: g̃a + g̃b
→ g̃c + eG

+

g
a

g
b

g
c

a

g
c

+

g
a

g
b

g
c

a

g
a

g
a

g
b

g
c

a

g
b

• G: qi + g̃a
→ qj + eG qi

g
a

qj

a

g
a

• H: q̃i + g̃a
→ q̃j + eG qi

g
a

qj

a

g
a

• I: qi + q̄j → g̃a + eG (crossing of G)

• J: q̃i + ¯̃
jq → g̃a + eG (crossing of H)

29

+ electroweak 
contributions
[Pradler, FDS, ’06]

[... ; Bolz, Brandenburg, Buchmüller, ’01, Pradler, FDS, ’06]

[Pradler, Diploma Thesis, ’06]
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Thermal Gravitino Production in SUSY QCD
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29

+ electroweak 
contributions
[Pradler, FDS, ’06]

[... ; Bolz, Brandenburg, Buchmüller, ’01, Pradler, FDS, ’06]

[Pradler, Diploma Thesis, ’06]

Helmholtz-
Nachwuchspreis

für
Astroteilchen-

physik 2006
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a a

g

g

qi
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qj
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g
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g
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g
aeGeG
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eG eG eG

eGeG
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Gravitino Dark Matter from Thermal Production

! Boltzmann Equation

dn eG

dt
+ 3Hn eG

= C eG

! Collision Term

C eG
=

3
X

i=1

3ζ(3)T 6

16π3M2

Pl

 

1 +
M2

i

3m2

eG

!

ci g2

i ln

„

ki

gi

«

! Gravitino Density

Ω
TP

eG
h2 =

3
X

i=1

ωi g2

i

 

1 +
M2

i

3m2

eG

!

ln

„

ki

gi

«

×

“ m eG

100 GeV

”

„

TR

1010 GeV

«

! U(1)Y×SU(2)L×SU(3)c

ci = (11, 27, 72)

ki = (1.266, 1.312, 1.271)

ωi = (0.018, 0.044, 0.117)

solid: M1,2,3 = m1/2

dashed: 0.5 M1,2 = M3 = m1/2

dotted: M3 = m1/2

[ ... ; Bolz, Brandenburg, Buchmüller, ’01; Pradler, FDS, ’07]

31
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Definition of the Reheating Temperature
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 0.01

 0.1

 1

 1e+06  1e+07  1e+08  1e+09  1e+10

dnG̃

dt
+ 3HnG̃ = CG̃,

CG̃ =

3∑

i=1

3ζ(3)T 6

16π3M2
P

(
1 +

M2
i

3m2
G̃

)
cig

2
i ln

(
ki

gi

)
,

dρrad

dt
+ 4Hρrad = Γφρφ,

dρφ

dt
+ 3Hρφ = −Γφρφ,

φ ≃ rad

by Γφ = ξ Hrad(TR),
√

T
ξ
R ≡

[
90

g∗(TR)π2

]1/4
√

ΓφMP

ξ
,

[...; Kawasaki, Kohri, Moroi, ’05; Pradler, FDS, ’07]
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... + eτ decay analysis: m eG
, MPl (?), ...

BBN

CMB

γ rays

( )

[Covi, Kim, Roszkowski, ’99]

freeze out
m/Tf ~ 20

eq.

NLSP

T < 10 GeV

NLSP # LSP + SM

NLSP Candidates • lightest neutralino

• lighter stau

• lighter stop

• lightest sneutrino
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... + eτ decay analysis: m eG
, MPl (?), ...

BBN

CMB

γ rays

( )

[Covi, Kim, Roszkowski, ’99]

freeze out
m/Tf ~ 20

eq.

NLSP

T < 10 GeV

NLSP # LSP + SM

electrically
charged

NLSP Candidates • lightest neutralino

• lighter stau

• lighter stop

• lightest sneutrino
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Stau NLSP

Neutralino NLSP
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... + eτ decay analysis: m eG
, MPl (?), ...

BBN

CMB

γ rays

xlong-lived NLSP

NLSP → G̃ + SM

38

Can we probe
Gravitino DM

in experiments?
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Signatures of Gravitinos in Experiments

– Direct Detection of G̃

– Direct Production of G̃

* Decays of charged NLSP’s at the LHC and the ILC

[... ; Buchmüller et al., ’04; Hamaguchi et al., ’04; Feng, Smith, ’05; Martyn, ’06; ...]x

39
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Tevatron

41

proton proton

stau

stau

particle detectorLHC
2009

Gravitino DM @ LHC Stau NLSP

Very different from the large ET
miss signal of Neutralino DM

The signal: 
jets + leptons

 

 + 2 “stable” 
charged particles
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Signatures of Gravitinos in Experiments

– Direct Detection of G̃

– Direct Production of G̃

* Decays of charged NLSP’s at the LHC and the ILC

[... ; Buchmüller et al., ’04; Hamaguchi et al., ’04; Feng, Smith, ’05; Martyn, ’06; ...]x

proton proton

stau

stau

particle detectorLHC
2009

stau

stau

additional
detector
material

ILC

electron positron

 gravitino
tau

particle detector20??

tau
photon

gravitino

“stable” charged sparticles long-lived charged sparticles* *

43
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For prospects 
on stopping and analyzes of staus 

at the LHC 

[Hamaguchi, Nojiri, de Roeck, ’07] 
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[Buchmüller, Hamaguchi, Ratz, Yanagida, ’04]

G̃ LSP → Planck Scale MPl & Gravitino Mass m
G̃

! Assumption: τ̃R NLSP

• 2-Body Decay τ̃R → τ + G̃

Γ(τ̃R → τ G̃) =
m5

eτ

48π m2

eG
M2

Pl

(
1−

m2

eG

m2

eτ

)4

=
1

5.89 sec

( meτ

100 GeV

)5(10 MeV

m eG

)2
(
1−

m2

eG

m2

eτ

)4

• Planck Scale MPl ←− NLSP Lifetime τeτ ≈ 1/Γ(τ̃R → τ G̃)

M2

Pl =
τeτ

48π

m5

eτ

m2

eG

(
1 −

m2

eG

m2

eτ

)4

???
←→ M2

Pl =
1

8π GN

= (2.44 × 1018 GeV)2

• Gravitino Mass m eG
=

√
m2

eτ
+ m2

τ
− 2meτEτ ←− Kinematics

Tau

Stau

Gravitinosupergravity

45
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... + eτ decay analysis: m eG
, MPl (?), ...

BBN

CMB

γ rays

46
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... + eτ decay analysis: m eG
, MPl (?), ...

BBN

CMB

γ rays

46
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Does your theory

allow for 

successful BBN?
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Big-Bang Nucleosynthesis and Cosmological Constraints
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Big-Bang Nucleosynthesis and Cosmological Constraints
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[V. Mukhanov, ’04]



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders

Big-Bang Nucleosynthesis and Cosmological Constraints
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Big-Bang Nucleosynthesis and Cosmological Constraints
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Big-Bang Nucleosynthesis and Cosmological Constraints

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-12

10
-6

10
-2

10
0

10
2

10
4

10
6

10
8

10
10

10
12

10
-15

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-15

10
-12

10
-9

10
-6

[Kawasaki, Kohri, Moroi, ’05; Cyburt et al., ’03]

51

!∀#∃∀%&

∋∀#

( ! ∋ ) ∗ + , − ./.

/0/. /0/( /0/!/0//)

1
2
3

3
3
4

356789:;8:&<8;89%65;=8%η × ./−./

356789%>#9?=;7%Ω3!
(

≅ΑΑΑ
∀

/0(∋

/0(!

/0()

/0(∗

/0(+

./−∋

./−!

./−)

./−−

./−./

(

)
+Β=∃∀%&

Χ&

≅∃∀%&

[Particle Data Book 2006]



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 52

[FDS, hep-ph/0605306] x

The 4-Body Decay of the Stau NLSP into Hadrons

0 20 40 60 80 100 120
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1

(1 GeV, 1 TeV)

(1 GeV, 0.2 TeV)

(100 GeV, 0.2 TeV)
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[FDS, ’06]
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Catalyzed BBN   [Pospelov, ’06]

[b]

gravitino
stau

He

D

Li

stau

Standard
Model

particles

1h

10 h

54

CBBN of 9Be: [Pospelov, ’07; Pospelov, Pradler, FDS, ’08]  

[Cyburt et al., ‘06;  FDS, ’06; Pradler, FDS, ’07;
Hamaguchi et al., ’07; Kawasaki, Kohri, Moroi, ’07;  
Takayama, ’07;  Jedamzik, ’07;  Pradler, FDS, ’08]
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Catalyzed Big Bang Nucleosynthesis (CBBN)

dYBS

dt
= 〈σrv〉sYδ − ΓX−YBS − 〈σCv〉sYBSYD,

dYX−

dt
= −〈σrv〉sYδ − ΓX−YX− + 〈σCv〉sYBSYD,

dY4He

dt
= −〈σrv〉sYδ + ΓX−YBS,

dY6Li

dt
= 〈σCv〉sYBSYD,

dYD

dt
= −〈σCv〉sYBSYD.

ñγ ≡ nγ(E >Eb)

〈σCv〉 = 2.37 × 108 (1 − 0.34T9)T
−2/3
9 e−5.33T

−1/3

9

[Hamaguchi et al., ’07]  

〈σrv〉 =
29παZ2

α

√
2π

3e4

Eb

m2
α

√
mαT

(4HeX−) + D →
6Li + X

−

[Pradler, FDS, arXiv:0710.2213]

produced in CBBN, and
Yδ ≡ (YX−Y4He − YBSỸγ)

re Eb = 337.33 keV
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[Pospelov, Pradler, FDS, ’08]  

Catalyzed BBN of Lithium-6 and Beryllium-9  

[Pospelov, ’06; ...]  

[Pospelov, Pradler, FDS, ’08]  

[Pospelov, ’07] &
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Why are the

cosmological 
constraints

so important?
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The gravitino

can become a

problem ...
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[FDS, ’08]

Probing TR at Colliders and with BBN

Collider Prediction of 
Thermal Leptogenesis
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Dark Matter

  
Axino LSP
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Supersymmetric Dark Matter Candiates

LSP ID mass interaction

lightest neutralino eχ0

1
eB, fW, eH0

u, eH0

d O(100 GeV) g, g’

∈ MSSM mixture M1,M2, µ, tanβ weak

MW ∼ 100 GeV

gravitino eG superpartner of eV − TeV
“

p

MPl

”n

∗ gravity the graviton SUSY breaking extremely weak

* local SUSY MPl = 2.44 × 1018 GeV

axino ea superpartner of ???
“

p

fa

”n

∗ strong CP the axion model extremely weak

fa ! 109 GeV

66
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... BBN + eτ decay analysis: m eG
, MPl (?)

ea
“

p

fa

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

fa ! 109 GeV ... BBN + eτ decay analysis: mã, fa

67
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... BBN + eτ decay analysis: m eG
, MPl (?)

ea
“

p

fa

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

fa ! 109 GeV ... BBN + eτ decay analysis: mã, fa
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proton proton

stau

stau

particle detectorLHC
2009

stau

stau

additional
detector
material

ILC

electron positron

axino
tau

particle detector20??

tau
photon

axino
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Can one distinguish between

ã LSP and G̃ LSP

x experimentally? x

71
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

Can one distinguish between the ã/G̃ LSP Scenarios?

• Lifetime of the NLSP ←− Assumption: τ̃R = NLSP & χ̃
0 ≈ B̃

ã = LSP

τ
ã LSP

eτ
←− meτ , m eB

, mã, fa

O(0.01 sec) ! τ
ã LSP

eτ
! O(10 h)

↑ ↑

fa ∼ 109 GeV fa ∼ 1012 GeV

G̃ = LSP

τ
eG LSP

eτ
←− meτ , m eB

, m eG

O(10−8 sec) ! τ
eG LSP

eτ
! O(15 y)

↑ ↑

m eG
∼ 1 keV m eG

∼ 50 GeV

Very Short/Very Long Lived NLSP → G̃ LSP Scenario

72
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stau

stau

additional
detector
material

ILC

electron positron

axino/gravitino

tau

particle detector20??

tau

photon

axino/gravitino

3-Body Decays
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The 3-Body Decays τ̃R → τ + γ + ã/G̃ x

ã = LSP: τ̃R → τ + γ + ã G̃

τ̃R
γ

τ

τ

τ̃R
τ̃R

γ

τ

τ̃R
γ

τ

τ̃R

τ

γ

˜B

ã

ã

ã

ã

γ, Z

τ̃R
˜B

d
2
Γ(τ̃R → τ γ ã)

dxγ d cos θ
= ...

G̃ = LSP: τ̃R → τ + γ + G̃

τ̃R
γ

τ

τ

τ̃R

τ̃R
γ

τ

τ̃R
γ

τ

τ̃R

τ

γ

˜
B

˜
G

˜
G

˜
G

˜
G

d
2
Γ(τ̃R → τ γ G̃)

dxγ d cos θ
= ...

photon

axino/gravitino

tau
∃ x!
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ã LSP → The Differential Decay Rate for τ̃R → τ + γ + ã

d2
Γ(τ̃R → τ γ ã)

dxγ d cos θ
=

mτ̃

512π3

xγ(1 − Aã − xγ)

[1 − (xγ/2)(1 − cos θ)]2

∑

spins

|M(τ̃R → τ γ ã)|2 ,

where

∑

spins

|M(τ̃R → τ γ ã)|2 =
α3 C2

aYY

π cos4 θW

m2
τ̃

f2
a

F
(ã)
diff(xγ , cos θ, Aã, A

B̃
) ,

with

xγ ≡

2Eγ

mτ̃

, Aã ≡

m2
ã

m2
τ̃

, A
B̃
≡

m2
B̃

m2
τ̃

,

and

F
(ã)
diff(xγ , cos θ, Aã, A

B̃
) =

x2
γ(1−Aã−xγ)[1+cos θ+Aã(1−cos θ)][1+cos θ+A

B̃
(1−cos θ)]

{xγ(1 + cos θ) + 2Aã − A
B̃

[2 − xγ(1 − cos θ)]}2

+
3α

π cos2 θW

ξ log

(
fa

m

) { √
AãA

B̃
(1 + cos θ)(1 − Aã − xγ)

xγ(1 + cos θ) + 2Aã − A
B̃

[2 − xγ(1 − cos θ)]

+
A

B̃
[(1 + cos θ)(1 − Aã) + Aãxγ(1 − cos θ)]

xγ(1 + cos θ) + 2Aã − A
B̃

[2 − xγ(1 − cos θ)]

}

+
9α2

4π2 cos4 θW

ξ
2 log2

(
fa

m

)
A

B̃

{
1 + cos θ + Aã(1 − cos θ)

(1 − cos θ)(1 − Aã − xγ)
+

2(1 + cos θ)(1 − Aã)

x2
γ(1 − cos θ)
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G̃ LSP→Diff. Decay Rate τ̃R→τ +γ+G̃

d2
Γ(τ̃R → τ γ G̃)

dxγ d cos θ
=

mτ̃

512π3

xγ (1 − A
G̃

− xγ )

[1 − (xγ/2)(1 − cos θ)]2

∑

spins

|M(τ̃R → τ γ G̃)|2,

where
∑

spins

|M(τ̃R → τ γ G̃)|
2

=
8πα

3

m2
τ̃

M2
Pl

A
G̃

F
(G̃)
diff

(xγ , cos θ, A
G̃

, A
B̃

)

with xγ ≡

2Eγ

mτ̃

, Aã ≡

m2
ã

m2
τ̃

, A
B̃

≡

m2
B̃

m2
τ̃

, A
G̃

≡

m2
G̃

m2
τ̃

,

F
(G̃)
diff

(xγ , cos θ, A
G̃

, A
B̃

) = −3A2
G̃

− 7xγA
G̃

+
2(2 − 5 cos θ)A

G̃

1 − cos θ
−

xγ (1 + cos θ)

(1 − cos θ)

−

(1 + cos θ)(3 + cos θ)

(1 − cos θ)2
+

2(1 − A
G̃

)3(1 + cos θ)

x2
γ (1 − cos θ)

+
A

G̃
(1 − A

G̃
)2

1 − A
G̃

− xγ

+
(1 − A

G̃
)2(1 + cos θ)

(1 − A
G̃

− xγ )(1 − cos θ)
−

4
[
1 + cos θ + A

G̃
(1 − cos θ)

]2

[
2 − xγ (1 − cos θ)

]2 (1 − cos θ)2

+
2

{
3 + cos θ

[
4 − cos θ + 2A

G̃
(1 − cos θ)

]} [
1 + cos θ + A

G̃
(1 − cos θ)

]

[
2 − xγ (1 − cos θ)

]
(1 − cos θ)2

+2(1 − A
G̃

− xγ )

{
1 + xγ − x2

γ − 2A
G̃

(1 + 3xγ − 2x2
γ ) + A2

G̃
(1 + 5xγ )

xγ (1 − A
B̃

)(1 − A
G̃

− xγ )

−

2
[
1 + xγ (2 + A

B̃
) − x2

γ + 2A
G̃

(1 − xγ )
]

xγ
[
2 − xγ (1 − cos θ)

] +
4(1 − A

G̃
− xγ )

[
2 − xγ (1 − cos θ)

]2

−

√
A

B̃
A

G̃

[
2(1 + cos θ)(1 − A

G̃
) + 3xγA

G̃
(1 − cos θ)

]

xγ (1 + cos θ) + 2(A
G̃

− A
B̃

) + A
B̃

xγ (1 − cos θ)

−

2

{
A2

G̃

[
−3 − 6xγ + A

B̃
(2 + xγ )

]
+ 4A

B̃
A

G̃
(1 + xγ − x2

γ )

}

xγ (1 − A
B̃

)
[
xγ (1 + cos θ) + 2(A

G̃
− A

B̃
) + A

B̃
xγ (1 − cos θ)

]

+
2A2

B̃

[
(1 − xγ )(1 + 2A

G̃
+ xγ ) + xγ A

B̃

]

xγ (1 − A
B̃

)
[
xγ (1 + cos θ) + 2(A

G̃
− A

B̃
) + A

B̃
xγ (1 − cos θ)

]
}

+(1 − A
G̃

− xγ )

{
(−1 + 3A

G̃
)(1 − A

G̃
)

(1 − A
B̃

)
+

2
[
2 − xγ − 2(A

G̃
− A

B̃
)
]

2 − xγ (1 − cos θ)

−

4(1 − A
G̃

− xγ )

[
2 − xγ (1 − cos θ)

]2 −

2(A
G̃

− A
B̃

)
[
3A

G̃
(2 − 2A

G̃
− xγ ) + A

B̃
(2 − 2A

B̃
+ xγ )

]

(1 − A
B̃

)
[
xγ (1 + cos θ) + 2(A

G̃
− A

B̃
) + A

B̃
xγ (1 − cos θ)

]

+
4(1 − A

G̃
− xγ )(3A

G̃
+ A

B̃
)(A

G̃
− A

B̃
)2

(1 − A
B̃

)
[
xγ (1 + cos θ) + 2(A

G̃
− A

B̃
) + A

B̃
xγ (1 − cos θ)

]2

}
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ã
/m2

τ̃R
≪ 1

mτ̃R
= 100 GeV

m
B̃

= 110 GeV

0.2 0.4 0.6 0.8 1

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

Gravitino LSP Scenario

c
o
s
θ

xγ

1

Γ(τ̃R→τ γ G̃; xcut
γ =x

cut

θ
=0.1)

d
2
Γ(τ̃R→τ γ G̃)
dxγd cos θ

m
G̃

= 10 MeV

mτ̃R
= 100 GeV

m
B̃

= 110 GeV

Differential Distribution of the Visible Decay Products

 axino signature

[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]
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For prospects of this distinction
 

between axino LSP and gravitino LSP

at the LHC 

[Hamaguchi, Nojiri, de Roeck, ’07] 
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

ã LSP → Peccei–Quinn Scale fa & Axino Mass mã

! Assumption: τ̃R NLSP & χ̃0
≃ B̃

• 2-Body Decay τ̃R → τ +ã γ, Z

ã

τ

τ

˜B

ã

τ

˜B γ, Z

τ̃R

τ̃R τ̃R

• NLSP Lifetime τeτ ≈
1

Γ(eτR→τ ã)

Γ(τ̃R→τ ã) ≃ ξ2 (25 sec)−1C2
aYY

(
1−

m2
ea

m2
eτ

)( meτ

100 GeV

)(1011 GeV

fa

)2( m
B̃

100 GeV

)2

• Peccei–Quinn Scale fa ←− NLSP Lifetime τeτ ≈ 1/Γ(τ̃R → τ ã)

f2
a
≃

( τeτ

25 sec

)
ξ2 C2

aYY

(
1 −

m2
ea

m2
eτ

) ( meτ

100 GeV

) ( m
B̃

100 GeV

)2 (
1011 GeV

)2

• Axino Mass mã =
√

m2
eτ

+ m2
τ
− 2meτEτ ←− Kinematics

hadronic (KSVZ) axion model
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

ã LSP → Peccei–Quinn Scale fa & Axino Mass mã
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≃ B̃
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hadronic (KSVZ) axion model
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

ã LSP → Peccei–Quinn Scale fa & Axino Mass mã

! Assumption: τ̃R NLSP & χ̃0
≃ B̃
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√

m2
eτ

+ m2
τ
− 2meτEτ ←− Kinematics

hadronic (KSVZ) axion model
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[Raffelt, ’06]

Bounds on the Peccei-Quinn Scale
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bounds and results from
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Cosmological Axion Bounds



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 82

[Raffelt, ’06]

Bounds on the Peccei-Quinn Scale
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Supersymmetric Dark Matter Candidates

LSP interaction production constraints experiments

eχ0

1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

weak freeze out direct detection (CRESST, EDELWEISS, ...)

MW ∼ 100 GeV prod.@colliders (Tevatron, LHC, ILC, ...)

eG
“

p

MPl

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

MPl = 2.44 × 1018 GeV ... BBN + eτ decay analysis: m eG
, MPl (?)

ea
“

p

fa

”n

therm. prod. ← cold eτ prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ← warm + eτ collection

fa ! 109 GeV ... BBN + eτ decay analysis: mã, fa
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Can one get rid

of the Gravitino

problem?



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 85

Late-Time Entropy Production

dS

dt
=

ΓXρXa3

T
=

(
2π2

45
g∗

)1/3

ΓXρXa4S−1/3

dρrad

dt
+ 4Hρrad = Γφρφ,

dρφ

dt
+ 3Hρφ = −Γφρφ,

Y TP
G̃

(T0) =

1

∆
Y TP

G̃
(Tlow),

YNLSP(T0) =

1

∆
YNLSP(Tlow)

[Buchmuller, Hamaguchi, Ibe, Yanagida, ’07;  Pradler, FDS, ’07]

η(Tafter) =

1

∆
η(Tbefore).
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τ̃
(∗)
1

τ̃
(∗)
1

→ Final state s-channel t (u)-channel Contact

ττ (τ̄ τ̄ ) – χ̃
0
1,...,4

–

τ̃1τ̃
∗
1

→ Final state Xa s-channel t (u)-channel Contact

µµ̄, eē h0,H 0,γ ,Z – –

τ τ̄ h0,H 0,γ ,Z χ̃
0
1,...,4

–

νe ν̄e , νµν̄µ Z – –

ντ ν̄τ Z χ̃
±
1,2

–

qk q̄k h0,H 0,γ ,Z – –

γ γ ,γZ – τ̃1 !

ZZ h0,H 0
τ̃1,2 !

W+W− h0,H 0,γ ,Z ν̃τ !

γh0,γH 0 – τ̃1 –

Zh0,ZH 0 Z τ̃1,2 –

ZA0 h0,H 0
τ̃2 –

W∓H± h0,H 0
ν̃τ –

h0h0, h0H 0, H 0H 0 h0,H 0
τ̃1,2 !

A0A0 h0,H 0
τ̃2 !

h0A0,H 0A0 Z τ̃2 –

H+H− h0,H 0,γ ,Z ν̃τ !

a k = u,d, c, s, t, b.

Thermal Relic Stau Abundance
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˜

M
2
τ̃ =

(

m2
τ + m2

LL mτXτ
∗

mτXτ m2
τ + m2

RR

)

= (Rτ̃ )
†

(

m2
τ̃1

0

0 m2
τ̃2

)

Rτ̃ ,

with

m2
LL = m2

τ̃L
+

(

−
1

2
+ sin2 θW

)

M2
Z cos 2β,

m2
RR = m2

τ̃R
− sin2 θWM2

Z cos 2β,

Xτ = Aτ − µ∗tanβ.

(

τ̃1

τ̃2

)

= Rτ̃

(

τ̃L

τ̃R

)

with Rτ̃ =

(

cos θτ̃ sin θτ̃

− sin θτ̃ cos θτ̃

)

m2
τ̃1,2

= m2
τ + m2

RR +
1

2

[

δ ∓

√

δ2 + 4m2
τXτ

2
]

(a) The dependence o

parameters mτ̃1
= 130 GeV

0 ˜

ν̃τ τ̃

line), tanβ = 10, m
A0 = MS = M3 = −A = 1 TeV, and 6M1 = M2 = µ = 1 TeV (

The Effect of Stau-L-R Mixing

[Pradler, FDS, arXiv:0808.2462]
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Resonant Stau 
Annihilation

[Pradler, FDS, arXiv:0808.2462]
[Ratz et al., arXiv:0808.0829;

Pradler, FDS, arXiv:0808.2462]

with mτ̃1
= 130 GeV,

decoupling yield takes o

, tanβ = 50, µ = MS = 6M1 = M2,3 = −A = 1 TeV
−16 ◦

Enhanced Stau-
Higgs Coupling

d m
A0 =

value of

τ̃

with mτ̃1
= 200 GeV,

shows the stau yield

〈 i 〉 〈 tot 〉 =
H

, θτ̃ = 83◦ , tanβ = 40, and −A = µ = 4M1 = M2,3 = MS = 1 TeV.

ield obtained with our relic abundance calculation and the thin gray line
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− =

CDL
[

τ̃ ∗

1 , τ̃1, h
0
]

≃

(

1

2
c2
θτ̃

− s2
W c2θτ̃

)

M2
Zc2β − m2

τ −
mτ

2
Xτ s2θτ̃

.

LMSSM ∋
g

MW

∑

α,β=L,R

τ̃ ∗

α C̃[τ̃∗

α , τ̃β , H]τ̃β H

˜ ˜ H] ˜ ˜

C̃
[

τ̃ ∗, τ̃ , h0
]

=

(

(

−
1
2

+ s2
W

)

M2
Zsα+β + m2

τ
sα
cβ

mτ

2

(

Aτ
sα
cβ

+ µ cα

cβ

)

mτ

2

(

Aτ
sα
cβ

+ µ cα

cβ

)

−s2
WM2

Zsα+β + m2
τ

sα
cβ

)

,

C̃
[

τ̃ ∗, τ̃ ,A0
]

=

(

0 +i mτ

2
(Aτ tanβ + µ)

−i mτ

2
(Aτ tanβ + µ) 0

)

,

= ˜ −

Xτ = Aτ − µ∗tanβ.



  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 90

Exceptionally Small Thermal Relic Stau Abundances

[Pradler, FDS, arXiv:0808.2462]
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˜

G̃

Point A B C

m1/2 [ GeV] 456 600 1138

m0 [ GeV] 124 748 30

tanβ 43 55 55

mτ̃1
[ GeV] 130 197 127

mτ̃2
[ GeV] 352 673 739

θτ̃ 114 80 75

m
h0 [ GeV] 114.6 115 117.9

m
H0,A0 [ GeV] 265 390 799

Γ
H0 [ GeV] 9.6 22 41

µ [ GeV] −565 666 1262

Aτ [ GeV] −63 473 −164

mg̃ [ GeV] 1052 1375 2446

mt̃1
[ GeV] 740 1091 1757

b b̄ [%] 76 87 < 1

h0h0 [%] 10 < 1 90

τ τ̄ [%] 9 11 < 1

W W [%] 2 < 1 6

x f 30 30 32

Yτ̃ [10−15] 4.2 2.5 2.2

m
G̃

[ GeV] 100 100 100

(50) (50) (50)

ττ̃1
[s] 5.7 × 109 6.5 × 107 8.5 × 109

(7.5 × 107) (6.4 × 106) (8.7 × 107)

ΩNTP

G̃
h2 [10−4] 1.2 0.7 0.64

(0.58) (0.35) (0.32)

T max
R [ GeV] 1.9 × 109 1.1 × 109 3.1 × 108

(9.5 × 108) (5.5 × 108) (1.5 × 108)

Exceptionally Interesting Benchmark Scenarios
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• gravitino DM

• no gravitino problem

• CBBN explanation of Li-6

• promising prospects for SUSY 

and Higgs phenomenology at 

the LHC and the ILC 

There could be

To be continued ...


