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Evidence for Dark Matter in the Universe
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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

! Large Scale Structure

* Structure Formation

! CMB Anisotropy: WMAP, ...

* Ωtot = 100%

* ΩM = 27%

* ΩB = 5%

ΩDM ! 22%

3-year

+200-200
WMAP
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What is

the identity of

 Dark Matter ?
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Properties of Dark Matter

• τDM
>
∼ age of our Universe

• clusters ← gravitation

• slow – “cold”

• electrically neutral

• color neutral

• explain: non-observation in the lab
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Dark Matter

Physics beyond

 the Standard Model
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The Minimal Supersymmetric Standard Model

GAUGE Gauge bosons Gauginos `
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Y
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Gauge Couplings Gaugino Mass Parameters
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Gauge Coupling Unification at MGUT ! 2 × 1016 GeV

(Super-) Gravity

Dark Matter

Hierarchy Stabilization

Gauge Coupling Unification

Consistent String Theory

Extension of Space-Time Symmetry

Why 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
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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
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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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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.)

Thermal Gravitino Production in SUSY QCD
• A: ga + gb → g̃c + eG
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• D: ga + qi → q̃j + eG (crossing of C)

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

• F: g̃a + g̃b → g̃c + eG
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• 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)

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

...

Very Early Hot Universe

T ~ 107 GeV
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
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[Rychkov, Strumia, ’07] (gauge dep.)
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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
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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

...

Very Early Hot Universe

T ~ 107 GeV
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gauge-invariant treatment
(hard thermal loop resummation)

[Bolz, Brandenburg, Buchmüller, ’01]

Very Hot Early Universe

Thermal Gravitino Production
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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, ...)
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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.)

Thermal Gravitino Production in SUSY QCD
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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

...

Very Hot Early Universe

T ~ 107 GeV
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[Bolz, Brandenburg, Buchmüller, ’01]

[Pradler, FDS, ’06 & ’07]

SUSY QCD

+ electroweak contributions
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Gravitino Dark Matter from Thermal Production
! Boltzmann Equation

dn eG
dt

+ 3Hn eG = C eG

! Collision Term

C eG =
3X

i=1

3ζ(3)T 6

16π3M2
Pl

 

1 +
M2

i

3m2
eG

!

ci g2
i ln

„
ki

gi

«

! Gravitino Density

ΩTP
eG

h2 =
3X

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]
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Thermal G̃ Production τ̃ NLSP → G̃ + τ
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[...; Bolz, Brandenburg, Buchmüller, ’01]

[Pradler, FDS, ’06]

[... ; Borgani, Masiero, Yamaguchi, ’96; ...]

[... ; Covi, Kim, Roszkowski, ’99; ...]
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[Pradler, FDS, ’07]
see also [Moroi, Murayama, Yamguchi, ’93, 

Asaka, Hamaguchi, Suzuki, ’00, Roszkowski et al.,  ’05,
Cerdeno et al., ’06, FDS ’06, Rychkov, Strumia, ‘07]

see also [Borgani, Masiero, Yamguchi, ’96,
Asaka, Hamaguchi, Suzuki, ’00, Ellis et al.,  ’04,

Feng, Su, Takayama, ’04]

[FDS ’06]

see also [Moroi, Murayama, Yamguchi, ‘93]
[Cerdeno et al., ’06, Rychkov, Stumia, ‘07]

Thermal Leptogenesis
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[Pradler, FDS, ’06]

Probing TR at Colliders in Gravitino DM ScenariosUpper Limits on the Gaugino Mass Parameter

solid: M1,2,3 = m1/2 dashed: 0.5 M1,2 = M3 = m1/2 dotted: M3 = m1/2

[ ... ; Bolz, Brandenburg, Buchmüller, ’01; Pradler, FDS, hep-ph/0608344]
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[Pradler, FDS, ’06]

Probing TR at Colliders in Gravitino DM ScenariosUpper Limits on the Gaugino Mass Parameter

solid: M1,2,3 = m1/2 dashed: 0.5 M1,2 = M3 = m1/2 dotted: M3 = m1/2

[ ... ; Bolz, Brandenburg, Buchmüller, ’01; Pradler, FDS, hep-ph/0608344]

Thermal
Leptogenesis
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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

Gravitino Dark Matter from NLSP Decays

NLSP Freeze out −→ Thermal NLSP Abundance: YNLSP =
(
nequil

NLSP/s
)

TF

NLSP Decay: NLSP −→ G̃ + X

ΩNTP
eG h2 =

m eG YNLSP h2

ρc/s(T0)

=
( m eG

100 GeV

) (
YNLSP

3.7 × 10−11

)

=

(
m eG

mNLSP

)
ΩNLSPh2

[Covi, Kim, Roszkowski, ’99]

NLSP = Stau τ̃ :−→ ΩNTP
eG h2 $ 0.002

( meτ

100 GeV

)( m eG
100 GeV

)

NLSP $ Bino B̃:−→ ΩNTP
eG h2 ∼ 0.1

( m eB
100 GeV

) ( m eG
100 GeV

)
(model dep.)

[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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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.)

Thermal Gravitino Production in SUSY QCD
• A: ga + gb → g̃c + eG
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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

...

Very Early Hot Universe

T ~ 107 GeV

25

Non-Thermal Gravitino/Axino Production

  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Dark Matter in Cosmology and at Colliders 30

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

Gravitino Dark Matter from NLSP Decays

NLSP Freeze out −→ Thermal NLSP Abundance: YNLSP =
(
nequil

NLSP/s
)

TF

NLSP Decay: NLSP −→ G̃ + X

ΩNTP
eG h2 =

m eG YNLSP h2

ρc/s(T0)

=
( m eG

100 GeV

) (
YNLSP

3.7 × 10−11

)

=

(
m eG

mNLSP

)
ΩNLSPh2

[Covi, Kim, Roszkowski, ’99]

NLSP = Stau τ̃ :−→ ΩNTP
eG h2 $ 0.002

( meτ

100 GeV

)( m eG
100 GeV

)

NLSP $ Bino B̃:−→ ΩNTP
eG h2 ∼ 0.1

( m eB
100 GeV

) ( m eG
100 GeV

)
(model dep.)

[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

Axino/Gravitino Dark Matter from NLSP Decays
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Thermal G̃ Production τ̃ NLSP → G̃ + τ
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[...; Bolz, Brandenburg, Buchmüller, ’01]

[Pradler, FDS, ’06]

[... ; Borgani, Masiero, Yamaguchi, ’96; ...]

[... ; Covi, Kim, Roszkowski, ’99; ...]

32

[Pradler, FDS, ‘07]

see also [Moroi, Murayama, Yamguchi, ’93, 
Asaka, Hamaguchi, Suzuki, ’00, Roszkowski et al.,  ’05,

Cerdeno et al., ’06, FDS ’06, Rychkov, Strumia, ‘07]

see also [Borgani, Masiero, Yamguchi, ’96,
Asaka, Hamaguchi, Suzuki, ’00, Ellis et al.,  ’04,

Feng, Su, Takayama, ’04]

[FDS ’06]

see also [Moroi, Murayama, Yamguchi, ‘93]
[Cerdeno et al., ’06, Rychkov, Stumia, ‘07]

Axino/Gravitino Dark Matter from NLSP Decays

• NLSP Freeze out −→ Thermal NLSP Abundance: YNLSP =
(
nequil

NLSP/s
)

TF

• NLSP Decay: NLSP −→ LSP + X

ΩNTP
LSP h2 =

mLSP YNLSP h2

ρc/s(T0)

=
( mLSP

100 GeV

) (
YNLSP

3.7 × 10−11

)

=

(
mLSP

mNLSP

)
ΩNLSPh2

[Covi, Kim, Roszkowski, ’99]

• NLSP = Stau τ̃ :−→ ΩNTP
LSP h2 $ 0.002

( meτ

100 GeV

)( mLSP

100 GeV

)

• NLSP $ Bino B̃:−→ ΩNTP
LSP h2 ∼ 0.1

( m eB
100 GeV

) ( mLSP

100 GeV

)
(model dep.)

identical to the 
gravitino case
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discussion of gravitino/axino dark matter in Sects. 3
and 4 will be more extensive than the one of neutralino
dark matter in Sect. 2, for which numerous excellent
reviews exist such as [19,12,20,21].

2 Neutralino Dark Matter

The lightest neutralino χ̃0
1 appears already in the min-

imal supersymmetric Standard Model (MSSM) as the
lightest mass eigenstate among the four neutralinos be-
ing mixtures of the bino B̃, the wino W̃ , and the neu-
tral higgsinos H̃0

u and H̃0
d . Accordingly, χ̃0

1 is a spin 1/2
fermion with weak interactions only. Its mass meχ0

1
de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tanβ, and the higgsino mass param-
eter µ. Expecting meχ0

1
= O(100 GeV), χ̃0

1 is classified
as a weakly interacting massive particle (WIMP).

Motivated by theories of grand unification and su-
pergravity [22], one often assumes universal soft SUSY
breaking parameters at the scale of grand unification
MGUT; cf. [12,20] and references therein. For example,
in the framework of the constrained MSSM (CMSSM),
the gaugino masses, the scalar masses, and the trilin-
ear scalar interactions are assumed to take on the re-
spective universal values m1/2, m0, and A0 at MGUT.
Specifying m1/2, m0, A0, tanβ, and the sign of µ, the
low-energy mass spectrum is given by the renormal-
ization group running from MGUT downwards.

Assuming A0 = 0 for simplicity, the lightest Stan-
dard Model superpartner—or lightest ordinary super-
partner (LOSP)—is either the lightest neutralino χ̃0

1 or
the lighter stau τ̃1, whose mass is denoted by meτ1

. If
the LSP is assumed to be the LOSP, the parameter re-
gion in which meτ1

< meχ0
1

is usually not considered be-
cause of severe upper limits on the abundance of stable
charged particles [4]. However, in gravitino/axino LSP
scenarios, in which the LOSP is the next-to-lightest
supersymmetric particle (NLSP), the τ̃1 LOSP case
is viable and particularly promising for collider phe-
nomenology as will be discussed in Sects. 3 and 4.

In Fig. 1 (from [23]) the dotted (blue in the web ver-
sion) lines show contours of mLOSP in the (m1/2, m0)
plane for A0 = 0, µ > 0, tanβ = 10. Above (be-
low) the dashed line, meχ0

1
< meτ1

(meτ1
< meχ0

1
). The

medium gray and the light gray regions at small m1/2

are excluded respectively by the mass bounds m
eχ±
1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that meχ0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The χ̃0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! meχ0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic χ̃0
1’s

becomes smaller than the Hubble rate so that they
decouple from the thermal plasma. Thus, for T ! Tf ,

Fig. 1. Contours of mLOSP (dotted blue lines) and Y dec
LOSP

(solid black lines) in the (m1/2, m0) plane for A0 = 0,
µ > 0, tan β = 10. Above (below) the dashed line,
meχ0

1
< meτ1

(meτ1
< meχ0

1
). The medium gray and the light

gray regions show the LEP bounds m
eχ±
1

> 94 GeV and

mH > 114.4 GeV, respectively [4]. The contours are ob-
tained with the spectrum generator SuSpect 2.34 [24] us-

ing mt = 172.5 GeV and mb(mb)MS = 4.23 GeV, and with
micrOMEGAs 1.37 [25,26]. From [23].

their yield Yeχ0
1
≡ neχ0

1
/s is given by Y dec

eχ0
1

≈ Y eq
eχ0
1

(Tf),

where n(eq)
eχ0
1

is the (equilibrium) number density of χ̃0
1’s

and s = 2π2 g∗S T 3/45 the entropy density. Depend-
ing on details of the χ̃0

1 decoupling, Y dec
eχ0
1

is very sen-

sitive to the mass spectrum and the couplings of the
superparticles. Indeed, convenient computer programs
such as DarkSUSY [27] or micrOMEGAs 1.37 [25,26] are
available which allow for a numerical calculation of the
LOSP decoupling and the resulting thermal relic abun-
dance in a given SUSY model.

The Y dec
LOSP contours shown by the solid black lines

in Fig. 1 illustrate that the χ̃0
1 LSP yield can easily

vary by more than an order of magnitude. Because of
this sensitivity, the associated thermal relic density

Ωeχ0
1
h2 = meχ0

1
Y dec

eχ0
1

s(T0)h2/ρc (3)

agrees with Ω3σ
dmh2 only in narrow regions in the pa-

rameter space; ρc/[s(T0)h2] = 3.6×10−9 GeV [4]. This
can be seen in Fig. 2 (from [28]) where the black strips
indicate the region with 0.087 ≤ Ωeχ0

1
h2 ≤ 0.138.

Remarkably, it is exactly the small width of the
Ωeχ0

1
= Ωdm regions which could help us to identify

χ̃0
1 dark matter. Once sparticles are produced at col-

liders, the data analysis will aim at determinig the
SUSY model realized in nature [29,30]. For the recon-
structed model, a precise calculation of Ωeχ0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of Ωeχ0

1
with respect to the

SUSY model, an agreement of the obtained Ωeχ0
1

with

Stau NLSP

Neutralino NLSP
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Frank Daniel Steffen Review

discussion of gravitino/axino dark matter in Sects. 3
and 4 will be more extensive than the one of neutralino
dark matter in Sect. 2, for which numerous excellent
reviews exist such as [19,12,20,21].

2 Neutralino Dark Matter

The lightest neutralino χ̃0
1 appears already in the min-

imal supersymmetric Standard Model (MSSM) as the
lightest mass eigenstate among the four neutralinos be-
ing mixtures of the bino B̃, the wino W̃ , and the neu-
tral higgsinos H̃0

u and H̃0
d . Accordingly, χ̃0

1 is a spin 1/2
fermion with weak interactions only. Its mass meχ0

1
de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tanβ, and the higgsino mass param-
eter µ. Expecting meχ0

1
= O(100 GeV), χ̃0

1 is classified
as a weakly interacting massive particle (WIMP).

Motivated by theories of grand unification and su-
pergravity [22], one often assumes universal soft SUSY
breaking parameters at the scale of grand unification
MGUT; cf. [12,20] and references therein. For example,
in the framework of the constrained MSSM (CMSSM),
the gaugino masses, the scalar masses, and the trilin-
ear scalar interactions are assumed to take on the re-
spective universal values m1/2, m0, and A0 at MGUT.
Specifying m1/2, m0, A0, tanβ, and the sign of µ, the
low-energy mass spectrum is given by the renormal-
ization group running from MGUT downwards.

Assuming A0 = 0 for simplicity, the lightest Stan-
dard Model superpartner—or lightest ordinary super-
partner (LOSP)—is either the lightest neutralino χ̃0

1 or
the lighter stau τ̃1, whose mass is denoted by meτ1

. If
the LSP is assumed to be the LOSP, the parameter re-
gion in which meτ1

< meχ0
1

is usually not considered be-
cause of severe upper limits on the abundance of stable
charged particles [4]. However, in gravitino/axino LSP
scenarios, in which the LOSP is the next-to-lightest
supersymmetric particle (NLSP), the τ̃1 LOSP case
is viable and particularly promising for collider phe-
nomenology as will be discussed in Sects. 3 and 4.

In Fig. 1 (from [23]) the dotted (blue in the web ver-
sion) lines show contours of mLOSP in the (m1/2, m0)
plane for A0 = 0, µ > 0, tanβ = 10. Above (be-
low) the dashed line, meχ0

1
< meτ1

(meτ1
< meχ0

1
). The

medium gray and the light gray regions at small m1/2

are excluded respectively by the mass bounds m
eχ±
1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that meχ0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The χ̃0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! meχ0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic χ̃0
1’s

becomes smaller than the Hubble rate so that they
decouple from the thermal plasma. Thus, for T ! Tf ,

Fig. 1. Contours of mLOSP (dotted blue lines) and Y dec
LOSP

(solid black lines) in the (m1/2, m0) plane for A0 = 0,
µ > 0, tan β = 10. Above (below) the dashed line,
meχ0

1
< meτ1

(meτ1
< meχ0

1
). The medium gray and the light

gray regions show the LEP bounds m
eχ±
1

> 94 GeV and

mH > 114.4 GeV, respectively [4]. The contours are ob-
tained with the spectrum generator SuSpect 2.34 [24] us-

ing mt = 172.5 GeV and mb(mb)MS = 4.23 GeV, and with
micrOMEGAs 1.37 [25,26]. From [23].

their yield Yeχ0
1
≡ neχ0

1
/s is given by Y dec

eχ0
1

≈ Y eq
eχ0
1

(Tf),

where n(eq)
eχ0
1

is the (equilibrium) number density of χ̃0
1’s

and s = 2π2 g∗S T 3/45 the entropy density. Depend-
ing on details of the χ̃0

1 decoupling, Y dec
eχ0
1

is very sen-

sitive to the mass spectrum and the couplings of the
superparticles. Indeed, convenient computer programs
such as DarkSUSY [27] or micrOMEGAs 1.37 [25,26] are
available which allow for a numerical calculation of the
LOSP decoupling and the resulting thermal relic abun-
dance in a given SUSY model.

The Y dec
LOSP contours shown by the solid black lines

in Fig. 1 illustrate that the χ̃0
1 LSP yield can easily

vary by more than an order of magnitude. Because of
this sensitivity, the associated thermal relic density

Ωeχ0
1
h2 = meχ0

1
Y dec

eχ0
1

s(T0)h2/ρc (3)

agrees with Ω3σ
dmh2 only in narrow regions in the pa-

rameter space; ρc/[s(T0)h2] = 3.6×10−9 GeV [4]. This
can be seen in Fig. 2 (from [28]) where the black strips
indicate the region with 0.087 ≤ Ωeχ0

1
h2 ≤ 0.138.

Remarkably, it is exactly the small width of the
Ωeχ0

1
= Ωdm regions which could help us to identify

χ̃0
1 dark matter. Once sparticles are produced at col-

liders, the data analysis will aim at determinig the
SUSY model realized in nature [29,30]. For the recon-
structed model, a precise calculation of Ωeχ0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of Ωeχ0

1
with respect to the

SUSY model, an agreement of the obtained Ωeχ0
1

with
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ing mixtures of the bino B̃, the wino W̃ , and the neu-
tral higgsinos H̃0

u and H̃0
d . Accordingly, χ̃0

1 is a spin 1/2
fermion with weak interactions only. Its mass meχ0

1
de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tanβ, and the higgsino mass param-
eter µ. Expecting meχ0

1
= O(100 GeV), χ̃0

1 is classified
as a weakly interacting massive particle (WIMP).

Motivated by theories of grand unification and su-
pergravity [22], one often assumes universal soft SUSY
breaking parameters at the scale of grand unification
MGUT; cf. [12,20] and references therein. For example,
in the framework of the constrained MSSM (CMSSM),
the gaugino masses, the scalar masses, and the trilin-
ear scalar interactions are assumed to take on the re-
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Specifying m1/2, m0, A0, tanβ, and the sign of µ, the
low-energy mass spectrum is given by the renormal-
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Assuming A0 = 0 for simplicity, the lightest Stan-
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1 or
the lighter stau τ̃1, whose mass is denoted by meτ1

. If
the LSP is assumed to be the LOSP, the parameter re-
gion in which meτ1

< meχ0
1

is usually not considered be-
cause of severe upper limits on the abundance of stable
charged particles [4]. However, in gravitino/axino LSP
scenarios, in which the LOSP is the next-to-lightest
supersymmetric particle (NLSP), the τ̃1 LOSP case
is viable and particularly promising for collider phe-
nomenology as will be discussed in Sects. 3 and 4.

In Fig. 1 (from [23]) the dotted (blue in the web ver-
sion) lines show contours of mLOSP in the (m1/2, m0)
plane for A0 = 0, µ > 0, tanβ = 10. Above (be-
low) the dashed line, meχ0
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< meτ1

(meτ1
< meχ0
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). The

medium gray and the light gray regions at small m1/2

are excluded respectively by the mass bounds m
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1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that meχ0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The χ̃0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! meχ0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic χ̃0
1’s

becomes smaller than the Hubble rate so that they
decouple from the thermal plasma. Thus, for T ! Tf ,

Fig. 1. Contours of mLOSP (dotted blue lines) and Y dec
LOSP

(solid black lines) in the (m1/2, m0) plane for A0 = 0,
µ > 0, tan β = 10. Above (below) the dashed line,
meχ0

1
< meτ1

(meτ1
< meχ0

1
). The medium gray and the light

gray regions show the LEP bounds m
eχ±
1

> 94 GeV and

mH > 114.4 GeV, respectively [4]. The contours are ob-
tained with the spectrum generator SuSpect 2.34 [24] us-

ing mt = 172.5 GeV and mb(mb)MS = 4.23 GeV, and with
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their yield Yeχ0
1
≡ neχ0

1
/s is given by Y dec

eχ0
1

≈ Y eq
eχ0
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(Tf),

where n(eq)
eχ0
1

is the (equilibrium) number density of χ̃0
1’s

and s = 2π2 g∗S T 3/45 the entropy density. Depend-
ing on details of the χ̃0

1 decoupling, Y dec
eχ0
1

is very sen-

sitive to the mass spectrum and the couplings of the
superparticles. Indeed, convenient computer programs
such as DarkSUSY [27] or micrOMEGAs 1.37 [25,26] are
available which allow for a numerical calculation of the
LOSP decoupling and the resulting thermal relic abun-
dance in a given SUSY model.

The Y dec
LOSP contours shown by the solid black lines

in Fig. 1 illustrate that the χ̃0
1 LSP yield can easily

vary by more than an order of magnitude. Because of
this sensitivity, the associated thermal relic density

Ωeχ0
1
h2 = meχ0

1
Y dec

eχ0
1

s(T0)h2/ρc (3)

agrees with Ω3σ
dmh2 only in narrow regions in the pa-

rameter space; ρc/[s(T0)h2] = 3.6×10−9 GeV [4]. This
can be seen in Fig. 2 (from [28]) where the black strips
indicate the region with 0.087 ≤ Ωeχ0

1
h2 ≤ 0.138.

Remarkably, it is exactly the small width of the
Ωeχ0

1
= Ωdm regions which could help us to identify

χ̃0
1 dark matter. Once sparticles are produced at col-

liders, the data analysis will aim at determinig the
SUSY model realized in nature [29,30]. For the recon-
structed model, a precise calculation of Ωeχ0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of Ωeχ0

1
with respect to the

SUSY model, an agreement of the obtained Ωeχ0
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[Josef Pradler, FDS, hep-ph/0612291]

Upper Bounds on TR in the CMSSM with G̃ Dark Matter

x TR ! 107 GeV

[Josef Pradler, FDS, hep-ph/0612291]

Upper Bounds on TR in the CMSSM with G̃ Dark Matter

x TR ! 107 GeV

! Talk by Josef Pradler
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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

Ω eG = ΩDM

is possible!!!

Thermal G̃ Production τ̃ NLSP → G̃ + τ
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[Pradler, FDS, ’06]

[... ; Borgani, Masiero, Yamaguchi, ’96; ...]

[... ; Covi, Kim, Roszkowski, ’99; ...]
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Thermal G̃ Production τ̃ NLSP → G̃ + τ
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long-lived NLSP
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proton proton
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particle detectorLHC
2009

Gravitino DM @ LHC Stau NLSP

Very different from the large ETmiss signal of Neutralino DM

The signal: 
jets + leptons

 

 + 2 “stable” 
charged particles
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proton proton

stau

stau

particle detectorLHC
2009

Gravitino DM @ LHC Stau NLSP

Very different from the large ETmiss signal of Neutralino DM

The signal: 
jets + leptons

 

 + 2 “stable” 
charged particles

Tevatron

[from Gershtein’s Talk, SUSY2007]

7/28/2007 Yuri Gershtein, SUSY07 8

Charged Massive “Stable” Particles
No excess, set limits

GMSB line (Snowmass slope D)

M=2!, N5=3, tan"=15, sign µ > 0

AMSB Gauginos

M1=3M2, M3=500, µ=10 TeV

tan " = 15, M(squark) = 800 GeV
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Thermal G̃ Production τ̃ NLSP → G̃ + τ
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Big-Bang Nucleosynthesis and Cosmological Constraints
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later

July 14, 2006 10:37

[Particle Data Book 2006]
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Big-Bang Nucleosynthesis and Cosmological Constraints
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20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later

July 14, 2006 10:37

[Particle Data Book 2006]
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[FDS, hep-ph/0611027] x

Cosmological Constraints — ΩDM & BBN

−→ Talk by Josef Pradler (Kosmologie II, T 408.3, Do 17:21)
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Picture until 
May 2006 ...

[FDS, hep-ph/0605306][FDS, ’06]
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Catalyzed BBN   [Pospelov, ’06]

[b]

gravitino
stau

He

D

Li

stau

Standard
Model

particles

1h

10 h
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Recent Result: [Hamaguchi et al., ’07]  

[Cyburt et al., ‘06;  FDS, ’06;  Pradler, FDS, ’07;
Kawasaki, Kohri, Moroi, ’07;  Takayama, ’07; Jedamzik, ’07;  

Pradler, FDS, arXiv:0710.2213 & arXiv:0710.4548]
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proton proton
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stau

particle detectorLHC
2009
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Cosmological Constraints

Gravitino DM @ LHC Stau NLSP

[Steffen, ’06, Steffen, hep-ph/0611027]

[Pradler, Steffen, arXiv:0710.4548]

Very different from the large ETmiss signal of Neutralino DM

The signal: 
jets + leptons

 

 + 2 “stable” 
charged particles
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[Josef Pradler, FDS, hep-ph/0612291]

Upper Bounds on TR in the CMSSM with G̃ Dark Matter

x TR ! 107 GeV

[Josef Pradler, FDS, hep-ph/0612291]

Upper Bounds on TR in the CMSSM with G̃ Dark Matter

x TR ! 107 GeV

! Talk by Josef Pradler
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Furthermore, we only need to take into account the pro-

duction of the spin-1/2 components of the gravitino since

(11) implies M 2
i /3m 2

eG !
1 for m

eG !
1 GeV.

For a given m
1/2 , the reheating temperature T

R is lim-

ited
from

above because Ω TP
eG cannot exceed

the dark

matter density [25] Ω 3σ
dm h 2

=
0.105 +0.021

−0.030 where h is the

Hubble constant in units of 100 km
Mpc −1

s −1
. Requiring

Ω TP
eG h 2

≤
0.126

(13)

and using the derived lower bound (11) allows us to ex-

tract the conservative upper limit:

T
R "

4.9× 10 7
GeV (

m
eG10 GeV

)
1/5

.

(14)

This
constraint is

a
slowly

varying
function

of m
eG :

(m
eG /10GeV) 1/5

=
0.6 −

2.5 for m
eG =

1GeV −
1TeV.

Therefore, (14) poses a strong bound on T
R for the natu-

ral gravitino LSP mass range in gravity-mediated super-

symmetry breaking scenarios.

Note that the constraint (14) relies on thermal grav-

itino production only.
In

addition, gravitinos are pro-

duced in stau NLSP
decays with the respective density

Ω NTPeG
h 2

=
m

eG Y deceτ
1 s(T

0 )h 2
/ρ

c ,

(15)

where ρ
c/[s(T

0 )h 2
] =

3.6 ×
10 −9

GeV
[25].

W
hile the

precise value of Y deceτ
1 depends on the concrete choice of

the CMSSM
parameters, the upper limit (14) can only

become more stringent by taking Ω NTPeG
into account. For

exemplary CMSSM
scenarios, this can be seen from

the

(m
1/2 ,m

0 ) planes shown in Figs. 4 and 5 of Ref. [13]. 6

These figures illustrate that the severe limits (11) and

(14) are very conservative bounds.C
O
N
C
LU

SIO
N

We have considered
the catalysis of 6

Li production

in
CMSSM

scenarios with
the gravitino LSP

and
the

stau
NLSP. Here the calculated 6

Li abundance drops

below
the

observational limit
on

primordial 6
Li for

τ
eτ
1 "

5 ×
10 3

s.
Taken

at face
value, we find

that

this constraint translates into
a

lower limit m
1/2 ≥

0.9TeV(m
eG /10GeV) 2/5

in
the entire natural region of

the CMSSM
parameter space.

This implies a conser-

vative upper bound T
R "

4.9× 10 7
GeV(m

eG /10GeV) 1/5

for a standard cosmological history. The bounds on m
1/2

and T
R not only confirm

our previous findings [13] but are

also independent of the particular values of the CMSSM

parameters and hence robust in this class of models.

We are grateful to T. Plehn, S. Reinartz, and A. Weber

for valuable discussions.
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Gravitino production from
inflaton decay can also be substantial;

see, e.g., [31, 32]. This can further tighten the bound (14).

[Pradler, FDS, arXiv:0710.2213]
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3

can be in agreement with (6) only for stau lifetimes of

τeτ1
= τX− ! 5 × 103 s. (7)

As can be seen from the supergravity prediction

τeτ1
" Γ−1(τ̃1 → G̃τ) =

48πm2
eG
M2

P

m5
eτ1

(

1 −
m2

eG

m2
eτ1

)−4

, (8)

the requirement (7) implies a lower limit on the splitting
between meτ1

and m eG provided meτ1
! O(1 TeV). Be-

cause of this hierarchy, the factor (1 − m2
eG
/m2

eτ1
)−4 can

be neglected in the following.
Let us now turn to the CMSSM. In the region in

which τ̃1 is the NLSP, we find

m2
eτ1

≤ 0.21m2
1/2 (9)

by scanning over the following parameter range:

m1/2 = 0.1 − 6 TeV,

tan β = 2 − 60,

sgnµ = ±1,

−4m0 < A0 < 4m0

with m0 as large as viable for a τ̃1 NLSP. Here tanβ is
the ratio of the two MSSM Higgs doublet vacuum expec-
tation values and µ the Higgsino mass parameter.3

For small left-right mixing, τ̃1 " τ̃R, (9) can be under-
stood qualitatively from the estimate for the mass of the
right-handed stau meτR

near the electroweak scale [30]

m2
eτR

" 0.15m2
1/2 + m2

0 − sin2 θW m2
Z cos 2β . (10)

since m2
0 & m2

1/2 in a large part of the τ̃1 NLSP region.

In fact, (9) tends to be saturated for larger m0, i.e., in
the stau-neutralino-coannihilation region where the mass
of the lightest neutralino meχ0

1
" meτ1

. This can be un-
derstood since the neutralino is bino-like in this region
so that m2

eχ0
1

" 0.18m2
1/2.

4 In the remaining part of the

stau NLSP region, smaller values of meτ1
satisfying, e.g.,

m2
eτ1

= 0.15m2
1/2 can easily be found.

To be on the conservative side, we set the stau NLSP
mass meτ1

to its maximum value at which (9) is saturated:
m2

eτ1
= 0.21m2

1/2. Then, constraint (7) together with (8)
yields

m1/2 ≥ 0.9 TeV
( m eG

10 GeV

)2/5

(11)

3 We employ SPheno 2.2.3 [29] to compute the low energy mass
spectrum using mt = 172.5 GeV for the top quark mass. In

addition, we use the Standard Model parameters mb(mb)MS =

4.2 GeV, αMS
s (mZ) = 0.1172, α−1MS

em (mZ) = 127.932.
4 This estimate is relatively independent of tan β and valid in the

m1/2 region in which also the LEP bound on the Higgs mass [25],
mh > 114.4 GeV, is respected.

FIG. 2: The shaded region indicates cosmologically disfavored
m1/2 values. Below the dashed line, m eG ≥ meτ1

is possible.

which is shown in Fig. 2. The shaded region is disfavored
by (6). Below the dashed line, m eG ≥ meτ1

is possible.
Since for a τ̃1 NLSP typically m2

0 & m2
1/2, it is the

gaugino mass parameter m1/2 which sets the scale for
the low energy superparticle spectrum. Thus, depend-
ing on m eG, the bound (11) implies rather high values of
the superparticle masses. This is particularly true for the
masses of the squarks and the gluino since their renormal-
ization group running from MGUT to Q " O(1 TeV) is
dominated by M3(Q) " m1/2αs(Q)/αs(MGUT). There-
fore, for m eG " 10 GeV, the cosmologically favored region
is associated with a mass range that will be very difficult
to probe at the Large Hadron Collider.

UPPER BOUND ON TR

The amount of gravitinos produced in thermal scatter-
ing is sensitive to the reheating temperature TR and to
the masses of the gauginos and hence to m1/2 [16]. The
associated gravitino density can be approximated by5

ΩTP
eG

h2 " 0.32
(10 GeV

m eG

)( m1/2

1 TeV

)2( TR

108 GeV

)
. (12)

This follows from Eq. (3) of Ref. [16]. Here we use that
the running gaugino masses Mi associated with the gauge
groups SU(3)c, SU(2)L, and U(1)Y satisfy M3 : M2 :
M1 " 3 : 1.6 : 1 at a representative scale of 108 GeV at
which we also evaluate the respective gauge couplings.

5 For a discussion on the definition of TR, see Sec. 2 in Ref. [13].
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can be in agreement with (6) only for stau lifetimes of

τeτ1
= τX− ! 5 × 103 s. (7)

As can be seen from the supergravity prediction

τeτ1
" Γ−1(τ̃1 → G̃τ) =

48πm2
eG
M2

P

m5
eτ1

(

1 −
m2

eG

m2
eτ1

)−4

, (8)

the requirement (7) implies a lower limit on the splitting
between meτ1

and m eG provided meτ1
! O(1 TeV). Be-

cause of this hierarchy, the factor (1 − m2
eG
/m2

eτ1
)−4 can

be neglected in the following.
Let us now turn to the CMSSM. In the region in

which τ̃1 is the NLSP, we find

m2
eτ1

≤ 0.21m2
1/2 (9)

by scanning over the following parameter range:

m1/2 = 0.1 − 6 TeV,

tan β = 2 − 60,

sgnµ = ±1,

−4m0 < A0 < 4m0

with m0 as large as viable for a τ̃1 NLSP. Here tanβ is
the ratio of the two MSSM Higgs doublet vacuum expec-
tation values and µ the Higgsino mass parameter.3

For small left-right mixing, τ̃1 " τ̃R, (9) can be under-
stood qualitatively from the estimate for the mass of the
right-handed stau meτR

near the electroweak scale [30]

m2
eτR

" 0.15m2
1/2 + m2

0 − sin2 θW m2
Z cos 2β . (10)

since m2
0 & m2

1/2 in a large part of the τ̃1 NLSP region.

In fact, (9) tends to be saturated for larger m0, i.e., in
the stau-neutralino-coannihilation region where the mass
of the lightest neutralino meχ0

1
" meτ1

. This can be un-
derstood since the neutralino is bino-like in this region
so that m2

eχ0
1

" 0.18m2
1/2.

4 In the remaining part of the

stau NLSP region, smaller values of meτ1
satisfying, e.g.,

m2
eτ1

= 0.15m2
1/2 can easily be found.

To be on the conservative side, we set the stau NLSP
mass meτ1

to its maximum value at which (9) is saturated:
m2
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= 0.21m2

1/2. Then, constraint (7) together with (8)
yields

m1/2 ≥ 0.9 TeV
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)2/5

(11)

3 We employ SPheno 2.2.3 [29] to compute the low energy mass
spectrum using mt = 172.5 GeV for the top quark mass. In

addition, we use the Standard Model parameters mb(mb)MS =

4.2 GeV, αMS
s (mZ) = 0.1172, α−1MS

em (mZ) = 127.932.
4 This estimate is relatively independent of tan β and valid in the

m1/2 region in which also the LEP bound on the Higgs mass [25],
mh > 114.4 GeV, is respected.
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is possible.

which is shown in Fig. 2. The shaded region is disfavored
by (6). Below the dashed line, m eG ≥ meτ1

is possible.
Since for a τ̃1 NLSP typically m2

0 & m2
1/2, it is the

gaugino mass parameter m1/2 which sets the scale for
the low energy superparticle spectrum. Thus, depend-
ing on m eG, the bound (11) implies rather high values of
the superparticle masses. This is particularly true for the
masses of the squarks and the gluino since their renormal-
ization group running from MGUT to Q " O(1 TeV) is
dominated by M3(Q) " m1/2αs(Q)/αs(MGUT). There-
fore, for m eG " 10 GeV, the cosmologically favored region
is associated with a mass range that will be very difficult
to probe at the Large Hadron Collider.

UPPER BOUND ON TR

The amount of gravitinos produced in thermal scatter-
ing is sensitive to the reheating temperature TR and to
the masses of the gauginos and hence to m1/2 [16]. The
associated gravitino density can be approximated by5

ΩTP
eG

h2 " 0.32
(10 GeV

m eG

)( m1/2

1 TeV

)2( TR

108 GeV

)
. (12)

This follows from Eq. (3) of Ref. [16]. Here we use that
the running gaugino masses Mi associated with the gauge
groups SU(3)c, SU(2)L, and U(1)Y satisfy M3 : M2 :
M1 " 3 : 1.6 : 1 at a representative scale of 108 GeV at
which we also evaluate the respective gauge couplings.

5 For a discussion on the definition of TR, see Sec. 2 in Ref. [13].
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Furthermore, we only need to take into account the pro-
duction of the spin-1/2 components of the gravitino since
(11) implies M2

i /3m2
eG
! 1 for m eG ! 1 GeV.

For a given m1/2, the reheating temperature TR is lim-
ited from above because ΩTP

eG
cannot exceed the dark

matter density [25] Ω3σ
dmh2 = 0.105+0.021

−0.030 where h is the

Hubble constant in units of 100 km Mpc−1s−1. Requiring

ΩTP
eG

h2 ≤ 0.126 (13)

and using the derived lower bound (11) allows us to ex-
tract the conservative upper limit:

TR " 4.9 × 107 GeV
( m eG

10 GeV

)1/5

. (14)

This constraint is a slowly varying function of m eG:
(m eG/10 GeV)1/5 = 0.6 − 2.5 for m eG = 1 GeV − 1 TeV.
Therefore, (14) poses a strong bound on TR for the natu-
ral gravitino LSP mass range in gravity-mediated super-
symmetry breaking scenarios.

Note that the constraint (14) relies on thermal grav-
itino production only. In addition, gravitinos are pro-
duced in stau NLSP decays with the respective density

ΩNTP
eG

h2 = m eGY dec
eτ1

s(T0)h
2/ρc , (15)

where ρc/[s(T0)h2] = 3.6 × 10−9 GeV [25]. While the
precise value of Y dec

eτ1
depends on the concrete choice of

the CMSSM parameters, the upper limit (14) can only
become more stringent by taking ΩNTP

eG
into account. For

exemplary CMSSM scenarios, this can be seen from the
(m1/2, m0) planes shown in Figs. 4 and 5 of Ref. [13].6

These figures illustrate that the severe limits (11) and
(14) are very conservative bounds.

CONCLUSION

We have considered the catalysis of 6Li production
in CMSSM scenarios with the gravitino LSP and the
stau NLSP. Here the calculated 6Li abundance drops
below the observational limit on primordial 6Li for
τeτ1

" 5 × 103 s. Taken at face value, we find that
this constraint translates into a lower limit m1/2 ≥
0.9 TeV(m eG/10 GeV)2/5 in the entire natural region of
the CMSSM parameter space. This implies a conser-
vative upper bound TR " 4.9 × 107GeV(m eG/10 GeV)1/5

for a standard cosmological history. The bounds on m1/2

and TR not only confirm our previous findings [13] but are
also independent of the particular values of the CMSSM
parameters and hence robust in this class of models.
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can be in agreement with (6) only for stau lifetimes of

τeτ1
= τX− ! 5 × 103 s. (7)

As can be seen from the supergravity prediction

τeτ1
" Γ−1(τ̃1 → G̃τ) =

48πm2
eG
M2

P

m5
eτ1

(

1 −
m2

eG

m2
eτ1

)−4

, (8)

the requirement (7) implies a lower limit on the splitting
between meτ1

and m eG provided meτ1
! O(1 TeV). Be-

cause of this hierarchy, the factor (1 − m2
eG
/m2

eτ1
)−4 can

be neglected in the following.
Let us now turn to the CMSSM. In the region in

which τ̃1 is the NLSP, we find

m2
eτ1

≤ 0.21m2
1/2 (9)

by scanning over the following parameter range:

m1/2 = 0.1 − 6 TeV,

tan β = 2 − 60,

sgnµ = ±1,

−4m0 < A0 < 4m0

with m0 as large as viable for a τ̃1 NLSP. Here tanβ is
the ratio of the two MSSM Higgs doublet vacuum expec-
tation values and µ the Higgsino mass parameter.3

For small left-right mixing, τ̃1 " τ̃R, (9) can be under-
stood qualitatively from the estimate for the mass of the
right-handed stau meτR

near the electroweak scale [30]

m2
eτR

" 0.15m2
1/2 + m2

0 − sin2 θW m2
Z cos 2β . (10)

since m2
0 & m2

1/2 in a large part of the τ̃1 NLSP region.

In fact, (9) tends to be saturated for larger m0, i.e., in
the stau-neutralino-coannihilation region where the mass
of the lightest neutralino meχ0

1
" meτ1

. This can be un-
derstood since the neutralino is bino-like in this region
so that m2

eχ0
1

" 0.18m2
1/2.

4 In the remaining part of the

stau NLSP region, smaller values of meτ1
satisfying, e.g.,

m2
eτ1

= 0.15m2
1/2 can easily be found.

To be on the conservative side, we set the stau NLSP
mass meτ1

to its maximum value at which (9) is saturated:
m2

eτ1
= 0.21m2

1/2. Then, constraint (7) together with (8)
yields

m1/2 ≥ 0.9 TeV
( m eG

10 GeV

)2/5

(11)

3 We employ SPheno 2.2.3 [29] to compute the low energy mass
spectrum using mt = 172.5 GeV for the top quark mass. In

addition, we use the Standard Model parameters mb(mb)MS =

4.2 GeV, αMS
s (mZ) = 0.1172, α−1MS

em (mZ) = 127.932.
4 This estimate is relatively independent of tan β and valid in the

m1/2 region in which also the LEP bound on the Higgs mass [25],
mh > 114.4 GeV, is respected.

FIG. 2: The shaded region indicates cosmologically disfavored
m1/2 values. Below the dashed line, m eG ≥ meτ1

is possible.

which is shown in Fig. 2. The shaded region is disfavored
by (6). Below the dashed line, m eG ≥ meτ1

is possible.
Since for a τ̃1 NLSP typically m2

0 & m2
1/2, it is the

gaugino mass parameter m1/2 which sets the scale for
the low energy superparticle spectrum. Thus, depend-
ing on m eG, the bound (11) implies rather high values of
the superparticle masses. This is particularly true for the
masses of the squarks and the gluino since their renormal-
ization group running from MGUT to Q " O(1 TeV) is
dominated by M3(Q) " m1/2αs(Q)/αs(MGUT). There-
fore, for m eG " 10 GeV, the cosmologically favored region
is associated with a mass range that will be very difficult
to probe at the Large Hadron Collider.

UPPER BOUND ON TR

The amount of gravitinos produced in thermal scatter-
ing is sensitive to the reheating temperature TR and to
the masses of the gauginos and hence to m1/2 [16]. The
associated gravitino density can be approximated by5

ΩTP
eG

h2 " 0.32
(10 GeV

m eG

)( m1/2

1 TeV

)2( TR

108 GeV

)
. (12)

This follows from Eq. (3) of Ref. [16]. Here we use that
the running gaugino masses Mi associated with the gauge
groups SU(3)c, SU(2)L, and U(1)Y satisfy M3 : M2 :
M1 " 3 : 1.6 : 1 at a representative scale of 108 GeV at
which we also evaluate the respective gauge couplings.

5 For a discussion on the definition of TR, see Sec. 2 in Ref. [13].
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Late-Time Entropy Production

J. Pradler, F.D. Steffen / Physics Letters B 648 (2007) 224–235 231

An upper limit on TR of 107 GeV can be problematic for
inflation models and baryogenesis scenarios. This finding can
thus be important for our understanding of the thermal history
of the Universe.

5. Constraints on TR with late-time entropy production

The constraints shown above are applicable for a standard
thermal history during the radiation-dominated epoch. How-
ever, it is possible that a substantial amount of entropy is re-
leased, for example, in out-of-equilibrium decays of a long-
lived massive particle species X [2,51].10

If X lives sufficiently long, it might decay while its rest mass
dominates the energy density of the Universe. The associated
evolution of the entropy per comoving volume, S ≡ sa3, is de-
scribed by [2,51]

(20)
dS

dt
= ΓXρXa3

T
=

(
2π2

45
g∗

)1/3

ΓXρXa4S−1/3

together with the Boltzmann equation (10) for φ = X and the
Friedmann equation governing the evolution of the scale factor
of the Universe a. Here ΓX and ρX denote respectively the de-
cay width and the energy density of X. Thus, the temperature
after the decay can be expressed in terms of ΓX,

(21)Tafter ≡
[

10
g∗(Tafter)π2

]1/4√
ΓXMP,

which satisfies ΓX = 3Hrad(Tafter). Indeed, primordial synthesis
imposes a lower limit on this temperature [55–58]:

(22)Tafter ! 0.7–4 MeV.

In Fig. 6 we show the evolution of S, a3ρX, and a3ρrad for
two exemplary scenarios respecting (22). The scale factor a is
normalized by aI ≡ a(10 GeV) = 1 GeV−1 and the temperature
dependence of g∗ is taken into account as determined in [59].
For ρX(10 GeV) = 0.1ρrad(10 GeV) and Tafter = 6 MeV, S in-
creases by a factor of ∆ = 100 as shown by the correspond-
ing solid line. For ρX(10 GeV) = 8ρrad(10 GeV) and Tafter =
4.9 MeV, S increases by a factor of ∆ = 104 as shown by the
corresponding dotted (blue in the web version) line.

We restrict our study to entropy production at late times,
Tbefore $ Tlow % TR, so that the thermal production of grav-
itinos is not affected. To work in a model independent way,
we assume that the production of gravitinos and NLSPs in
the entropy producing event, such as the direct production in
decays of X, is negligible.11 Moreover, in this section, we
focus on scenarios in which the decoupling of the NLSP is
not or at most marginally affected by entropy production, i.e.,
either TR & Tafter & T NLSP

f or ρrad & ρX for T ! T NLSP
f .

10 Gravitino dark matter scenarios with late-time entropy production have
been considered previously for gauge-mediated SUSY breaking where TR >

T G̃
f [52–54].

11 The constraints discussed below shall therefore be considered as conserv-
ative bounds. For studies of gravitino production during an entropy producing
event, we refer to [60] and references therein.

Fig. 6. Evolution of S, a3ρX, and a3ρrad as a function of T for the nor-
malization aI ≡ a(10 GeV) = 1 GeV−1. The solid lines are obtained for
ρX(10 GeV) = 0.1ρrad(10 GeV) and Tafter = 6 MeV, the dotted (blue in the
web version) lines for ρX(10 GeV) = 8ρrad(10 GeV) and Tafter = 4.9 MeV.

Thus, the thermally produced gravitino yield and—in the case
of entropy production after NLSP decoupling—also the non-
thermally produced gravitino yield are diluted:

(23)YG̃(Tafter) = S(Tlow)

S(Tafter)
YG̃(Tlow).

In the case of late-time entropy production before the decou-
pling of the NLSP, we parameterize this by writing

(24)Y TP
G̃

(T0) = 1
δ
Y TP

G̃
(Tlow).

In this case, YNLSP(T0) and thereby ΩNTP
G̃

and the BBN con-
straints remain unaffected.

Conversely, in the case of late-time entropy production after
the decoupling of the NLSP (and before BBN) both, Y TP

G̃
(T0)

and YNLSP(T0), are reduced:

Y TP
G̃

(T0) = 1
∆

Y TP
G̃

(Tlow),

(25)YNLSP(T0) = 1
∆

YNLSP(Tlow).

Accordingly, ΩTP
G̃

and ΩNTP
G̃

become smaller and the BBN con-
straints can be relaxed.

In Fig. 7 we show how late-time entropy production before
(left) and after (right) NLSP decoupling affects the 6Li con-
straint and the region in which 0.075 " ΩG̃h2 " 0.126 for TR =
109 GeV. The (m1/2,m0) planes are considered for tanβ = 10,
A0 = 0, µ > 0, mG̃ = 100 GeV (upper panels) and mG̃ = m0
(lower panels). The dark shaded (dark green in the web version)
region is obtained without late time entropy production, δ =
∆ = 1. The medium and light shaded (medium and light green
in the web version) bands are obtained with a dilution of ΩTP

G̃
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The constraints shown above are applicable for a standard
thermal history during the radiation-dominated epoch. How-
ever, it is possible that a substantial amount of entropy is re-
leased, for example, in out-of-equilibrium decays of a long-
lived massive particle species X [2,51].10

If X lives sufficiently long, it might decay while its rest mass
dominates the energy density of the Universe. The associated
evolution of the entropy per comoving volume, S ≡ sa3, is de-
scribed by [2,51]

(20)
dS

dt
= ΓXρXa3

T
=

(
2π2

45
g∗

)1/3

ΓXρXa4S−1/3

together with the Boltzmann equation (10) for φ = X and the
Friedmann equation governing the evolution of the scale factor
of the Universe a. Here ΓX and ρX denote respectively the de-
cay width and the energy density of X. Thus, the temperature
after the decay can be expressed in terms of ΓX,

(21)Tafter ≡
[

10
g∗(Tafter)π2

]1/4√
ΓXMP,

which satisfies ΓX = 3Hrad(Tafter). Indeed, primordial synthesis
imposes a lower limit on this temperature [55–58]:

(22)Tafter ! 0.7–4 MeV.

In Fig. 6 we show the evolution of S, a3ρX, and a3ρrad for
two exemplary scenarios respecting (22). The scale factor a is
normalized by aI ≡ a(10 GeV) = 1 GeV−1 and the temperature
dependence of g∗ is taken into account as determined in [59].
For ρX(10 GeV) = 0.1ρrad(10 GeV) and Tafter = 6 MeV, S in-
creases by a factor of ∆ = 100 as shown by the correspond-
ing solid line. For ρX(10 GeV) = 8ρrad(10 GeV) and Tafter =
4.9 MeV, S increases by a factor of ∆ = 104 as shown by the
corresponding dotted (blue in the web version) line.

We restrict our study to entropy production at late times,
Tbefore $ Tlow % TR, so that the thermal production of grav-
itinos is not affected. To work in a model independent way,
we assume that the production of gravitinos and NLSPs in
the entropy producing event, such as the direct production in
decays of X, is negligible.11 Moreover, in this section, we
focus on scenarios in which the decoupling of the NLSP is
not or at most marginally affected by entropy production, i.e.,
either TR & Tafter & T NLSP

f or ρrad & ρX for T ! T NLSP
f .

10 Gravitino dark matter scenarios with late-time entropy production have
been considered previously for gauge-mediated SUSY breaking where TR >

T G̃
f [52–54].

11 The constraints discussed below shall therefore be considered as conserv-
ative bounds. For studies of gravitino production during an entropy producing
event, we refer to [60] and references therein.

Fig. 6. Evolution of S, a3ρX, and a3ρrad as a function of T for the nor-
malization aI ≡ a(10 GeV) = 1 GeV−1. The solid lines are obtained for
ρX(10 GeV) = 0.1ρrad(10 GeV) and Tafter = 6 MeV, the dotted (blue in the
web version) lines for ρX(10 GeV) = 8ρrad(10 GeV) and Tafter = 4.9 MeV.

Thus, the thermally produced gravitino yield and—in the case
of entropy production after NLSP decoupling—also the non-
thermally produced gravitino yield are diluted:

(23)YG̃(Tafter) = S(Tlow)

S(Tafter)
YG̃(Tlow).

In the case of late-time entropy production before the decou-
pling of the NLSP, we parameterize this by writing

(24)Y TP
G̃

(T0) = 1
δ
Y TP

G̃
(Tlow).

In this case, YNLSP(T0) and thereby ΩNTP
G̃

and the BBN con-
straints remain unaffected.

Conversely, in the case of late-time entropy production after
the decoupling of the NLSP (and before BBN) both, Y TP

G̃
(T0)

and YNLSP(T0), are reduced:

Y TP
G̃

(T0) = 1
∆

Y TP
G̃

(Tlow),

(25)YNLSP(T0) = 1
∆

YNLSP(Tlow).

Accordingly, ΩTP
G̃

and ΩNTP
G̃

become smaller and the BBN con-
straints can be relaxed.

In Fig. 7 we show how late-time entropy production before
(left) and after (right) NLSP decoupling affects the 6Li con-
straint and the region in which 0.075 " ΩG̃h2 " 0.126 for TR =
109 GeV. The (m1/2,m0) planes are considered for tanβ = 10,
A0 = 0, µ > 0, mG̃ = 100 GeV (upper panels) and mG̃ = m0
(lower panels). The dark shaded (dark green in the web version)
region is obtained without late time entropy production, δ =
∆ = 1. The medium and light shaded (medium and light green
in the web version) bands are obtained with a dilution of ΩTP

G̃
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resulting gravitino yield from thermal production reads

Y TP
G̃

(Tlow) ≡
nTP

G̃
(Tlow)

s(Tlow)
≈ CG̃(TR)

s(TR)H(TR)

=
3∑

i=1

yig
2
i (TR)

(
1 + M2

i (TR)

3m2
G̃

)

(3)× ln
(

ki

gi(TR)

)(
TR

1010 GeV

)
,

where the constants yi are given in Table 1. These constants are
obtained with the Hubble parameter describing the radiation-
dominated epoch, Hrad(T ) =

√
g∗(T )π2/90T 2/MP, the en-

tropy density s(T ) = 2π2g∗S(T )T 3/45, and an effective num-
ber of relativistic degrees of freedom of g∗(TR) = g∗S(TR) =
228.75. We evaluate gi(TR) and Mi(TR) using the one-loop
evolution described by the renormalization group equation in
the MSSM:

(4)gi(T ) =
(

g−2
i (mZ) − β

(1)
i

8π2 ln
[

T

mZ

])−1/2

,

(5)Mi(T ) =
[

gi(T )

gi(MGUT)

]2

Mi(MGUT)

with the respective gauge coupling at the Z-boson mass,
gi(mZ), and the β

(1)
i coefficients listed in Table 1.

Without late-time entropy production, the gravitino yield
from thermal production at the present temperature T0 is given
by

(6)Y TP
G̃

(T0) = Y TP
G̃

(Tlow).

The resulting density parameter of thermally produced graviti-
nos is

(7)ΩTP
G̃

h2 = mG̃Y TP
G̃

(T0)s(T0)h
2/ρc

with the Hubble constant h in units of 100 km Mpc−1s−1 and
ρc/[s(T0)h

2] = 3.6 × 10−9 GeV.
In Fig. 1 our result (3) for the thermally produced gravitino

yield Y TP
G̃

(Tlow) is shown as a function of TR for various val-
ues of mG̃ (solid lines). The curves are obtained with m1/2 =
500 GeV for the case of universal gaugino masses at MGUT:
M1,2,3(MGUT) = m1/2. The dotted lines show the correspond-
ing results from the SU(3)c yield of Ref. [10] for M3 = m1/2,
which was used to study TR constraints on gravitino dark mat-
ter scenarios in Refs. [13–15]. We find that (3) exceeds the yield
derived from [10] by about 50%; cf. [11]. The dashed (blue in
the web version) horizontal line indicates the equilibrium yield

(8)Y
eq
G̃

≡
n

eq
G̃

s
≈ 1.8 × 10−3

which is given by the equilibrium number density of a relativis-
tic spin 1/2 Majorana fermion, n

eq
G̃

= 3ζ(3)T 3/(2π2). For T >

T G̃
f , g∗(T ) = g∗S(T ) = 230.75 since the spin 1/2 components

of the gravitino are in thermal equilibrium. In the region where
the yield (3) approaches the equilibrium value (8), gravitino
disappearance processes should be taken into account. This
would then lead to a smooth approach of the non-equilibrium

Fig. 1. The thermally produced gravitino yield (3) as a function of TR for
mG̃ = 10 MeV, 100 MeV, 1 GeV, 10 GeV, 100 GeV, and 1 TeV (solid lines
from left to right) and M1,2,3(MGUT) = m1/2 = 500 GeV. The dotted lines
show the corresponding yield obtained with the SU(3)c result for the collision
term of Ref. [10]. The dashed (blue in the web version) horizontal line indicates
the equilibrium yield of a relativistic spin 1/2 Majorana fermion.

yield to the equilibrium abundance. Without the backreactions
taken into account, the kink position indicates a lower bound
for T G̃

f . Towards smaller mG̃, T G̃
f decreases due to the in-

creasing strength of the gravitino couplings. For example, for
mG̃ = 1 GeV (10 MeV), we find T G̃

f ! 1014 GeV (1010 GeV).
In the analytical expression (3) we refer to TR as the initial

temperature of the radiation-dominated epoch. So far we have
not considered the phase in which the coherent oscillations of
the inflaton field φ dominate the energy density of the Universe,
where one usually defines TR in terms of the decay width Γφ of
the inflaton field φ. To account for the reheating phase, we nu-
merically integrate (1) together with the Boltzmann equations
for the energy densities of radiation and the inflaton field,

(9)
dρrad

dt
+ 4Hρrad = Γφρφ,

(10)
dρφ

dt
+ 3Hρφ = −Γφρφ,

respectively; for details see Appendix F of Ref. [34].
With our result for the collision term (2), we find that the

gravitino yield obtained numerically is in good agreement with
the analytical expression (3) for

(11)TR &
[

90
g∗(TR)π2

]1/4√ΓφMP

1.8

which satisfies Γφ & 1.8Hrad(TR). For an alternative TR defini-
tion given by Γφ = ξ Hrad(TR),

(12)T
ξ

R ≡
[

90
g∗(TR)π2

]1/4
√

ΓφMP

ξ
,
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An upper limit on TR of 107 GeV can be problematic for
inflation models and baryogenesis scenarios. This finding can
thus be important for our understanding of the thermal history
of the Universe.

5. Constraints on TR with late-time entropy production

The constraints shown above are applicable for a standard
thermal history during the radiation-dominated epoch. How-
ever, it is possible that a substantial amount of entropy is re-
leased, for example, in out-of-equilibrium decays of a long-
lived massive particle species X [2,51].10

If X lives sufficiently long, it might decay while its rest mass
dominates the energy density of the Universe. The associated
evolution of the entropy per comoving volume, S ≡ sa3, is de-
scribed by [2,51]

(20)
dS

dt
= ΓXρXa3

T
=

(
2π2

45
g∗

)1/3

ΓXρXa4S−1/3

together with the Boltzmann equation (10) for φ = X and the
Friedmann equation governing the evolution of the scale factor
of the Universe a. Here ΓX and ρX denote respectively the de-
cay width and the energy density of X. Thus, the temperature
after the decay can be expressed in terms of ΓX,

(21)Tafter ≡
[

10
g∗(Tafter)π2

]1/4√
ΓXMP,

which satisfies ΓX = 3Hrad(Tafter). Indeed, primordial synthesis
imposes a lower limit on this temperature [55–58]:

(22)Tafter ! 0.7–4 MeV.

In Fig. 6 we show the evolution of S, a3ρX, and a3ρrad for
two exemplary scenarios respecting (22). The scale factor a is
normalized by aI ≡ a(10 GeV) = 1 GeV−1 and the temperature
dependence of g∗ is taken into account as determined in [59].
For ρX(10 GeV) = 0.1ρrad(10 GeV) and Tafter = 6 MeV, S in-
creases by a factor of ∆ = 100 as shown by the correspond-
ing solid line. For ρX(10 GeV) = 8ρrad(10 GeV) and Tafter =
4.9 MeV, S increases by a factor of ∆ = 104 as shown by the
corresponding dotted (blue in the web version) line.

We restrict our study to entropy production at late times,
Tbefore $ Tlow % TR, so that the thermal production of grav-
itinos is not affected. To work in a model independent way,
we assume that the production of gravitinos and NLSPs in
the entropy producing event, such as the direct production in
decays of X, is negligible.11 Moreover, in this section, we
focus on scenarios in which the decoupling of the NLSP is
not or at most marginally affected by entropy production, i.e.,
either TR & Tafter & T NLSP

f or ρrad & ρX for T ! T NLSP
f .

10 Gravitino dark matter scenarios with late-time entropy production have
been considered previously for gauge-mediated SUSY breaking where TR >

T G̃
f [52–54].

11 The constraints discussed below shall therefore be considered as conserv-
ative bounds. For studies of gravitino production during an entropy producing
event, we refer to [60] and references therein.

Fig. 6. Evolution of S, a3ρX, and a3ρrad as a function of T for the nor-
malization aI ≡ a(10 GeV) = 1 GeV−1. The solid lines are obtained for
ρX(10 GeV) = 0.1ρrad(10 GeV) and Tafter = 6 MeV, the dotted (blue in the
web version) lines for ρX(10 GeV) = 8ρrad(10 GeV) and Tafter = 4.9 MeV.

Thus, the thermally produced gravitino yield and—in the case
of entropy production after NLSP decoupling—also the non-
thermally produced gravitino yield are diluted:

(23)YG̃(Tafter) = S(Tlow)

S(Tafter)
YG̃(Tlow).

In the case of late-time entropy production before the decou-
pling of the NLSP, we parameterize this by writing

(24)Y TP
G̃

(T0) = 1
δ
Y TP

G̃
(Tlow).

In this case, YNLSP(T0) and thereby ΩNTP
G̃

and the BBN con-
straints remain unaffected.

Conversely, in the case of late-time entropy production after
the decoupling of the NLSP (and before BBN) both, Y TP

G̃
(T0)

and YNLSP(T0), are reduced:

Y TP
G̃

(T0) = 1
∆

Y TP
G̃

(Tlow),

(25)YNLSP(T0) = 1
∆

YNLSP(Tlow).

Accordingly, ΩTP
G̃

and ΩNTP
G̃

become smaller and the BBN con-
straints can be relaxed.

In Fig. 7 we show how late-time entropy production before
(left) and after (right) NLSP decoupling affects the 6Li con-
straint and the region in which 0.075 " ΩG̃h2 " 0.126 for TR =
109 GeV. The (m1/2,m0) planes are considered for tanβ = 10,
A0 = 0, µ > 0, mG̃ = 100 GeV (upper panels) and mG̃ = m0
(lower panels). The dark shaded (dark green in the web version)
region is obtained without late time entropy production, δ =
∆ = 1. The medium and light shaded (medium and light green
in the web version) bands are obtained with a dilution of ΩTP

G̃
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range of NLSP masses cannot be relaxed. With the dilution after
NLSP decoupling, the relaxation of the TR constraints is more
pronounced. Here also the cosmologically disfavored range of
NLSP masses can be relaxed [27]. However, as can be seen in
panels (b) and (d) of Fig. 7, the 6Li bound is persistent. With
a dilution factor of ∆ = 100, large regions of the (m1/2,m0)

plane remain cosmologically disfavored. For ∆ ! 104, how-
ever, the 6Li bound can be evaded as will be shown explicitly
below.

Fig. 7 shows that inflation models predicting, for example,
TR = 109 GeV become allowed in the CMSSM with gravitino
dark matter for δ = ∆ ≈ 100. Here it is not necessary to have
late-time entropy production in the somewhat narrow window
between NLSP decoupling and BBN. This is different for the
viability of thermal leptogenesis in the considered scenarios
(T G̃

f > TR) and for collider prospects as discussed below.

6. Thermal leptogenesis in the CMSSM with gravitino
dark matter

The constraint TR " 107 GeV obtained in the considered
CMSSM scenarios for a standard cosmological history strongly
disfavors thermal leptogenesis. However, if entropy is released
after NLSP decoupling, a dilution factor of ∆ " 104 can render
thermal leptogenesis viable for TR " 1013 GeV.

Standard thermal leptogenesis usually requires TR ! 109

GeV [17]. However, late-time entropy production dilutes the
baryon asymmetry which is generated well before NLSP de-
coupling,

(26)η(Tafter) = 1
∆

η(Tbefore).

Therefore, the baryon asymmetry before entropy production
must be larger by a factor of ∆ in order to compensate for the
dilution. For ∆ " 104, this can be achieved in the case of hier-
archical neutrinos for MR1 ∼ TR " 1013 GeV, as can be seen in
Fig. 7(a) of Ref. [61] and in Fig. 2 of Ref. [62]. Here MR1 is the
mass of the lightest among the heavy right-handed Majorana
neutrinos.

In Fig. 6 the dotted (blue in the web version) lines show
a scenario in which a dilution factor of ∆ = 104 is generated
in the out-of-equilibrium decay of a heavy particle X. Because
of ρX(10 GeV) = 8ρrad(10 GeV), the Hubble rate can be en-
hanced already during the decoupling phase of the NLSP, which
leads to an increase of T NLSP

f and YNLSP(T NLSP
f ). In the results

shown below, we account for this by using a modified version
of the micrOMEGAs code.12 After entropy production, the net
effect is still a significant reduction of YNLSP(T0). For the same
initial conditions, ∆ = 2 × 104—and thereby an additional re-
duction of YNLSP(T0) by a factor of two—can be achieved by
lowering Tafter from 4.9 MeV down to 2.5 MeV.

We consider these two scenarios for tanβ = 30, A0 = 0,
µ > 0, and mG̃ = m0, in Fig. 8. Here the shaded (green in

12 The YNLSP contours shown in Fig. 3 do not apply in this section.

Fig. 8. The effect of entropy production after NLSP decoupling for
TR = 1013 GeV and ∆ # 104 in the (m1/2,m0) plane for tanβ = 30, A0 = 0,
µ > 0, and mG̃ = m0. The shaded (green in the web version) bands show
the region in which 0.075 $ ΩG̃h2 $ 0.126 for ∆ = 104 (dark) and 2 × 104

(medium). The dot-dashed (red in the web version) lines illustrate the cor-
responding evolution of the 6Li bound. For ∆ = 104, the regions below the
associated two rightmost curves and to the right of the associated leftmost curve
are allowed. For ∆ = 2 × 104, the region below the line labeled accordingly is
cosmologically allowed.

the web version) bands indicate the region in which 0.075 $
ΩG̃h2 $ 0.126 for TR = 1013 GeV and ∆ = 104 (dark) and
2 × 104 (medium). In addition, the corresponding evolution
of the 6Li bound is shown by the dot-dashed (red in the web
version) lines. For ∆ = 104, the regions below the associated
two rightmost curves and to the right of the associated leftmost
curve are allowed. For ∆ = 2×104, the cosmologically allowed
region is the τ̃1 NLSP region below the line labeled accordingly.
The gray regions are identical to the ones in Fig. 5.

We find that the 6Li bound cannot be evaded for the tanβ =
10 scenarios even for ∆ = 2 × 104 since YNLSP(T0) becomes
larger. However, the 6Li bound given in Fig. 4 of Ref. [22]
depends linearly13 on the assumed limiting primordial abun-
dance (19) that is subject to uncertainties; cf. Ref. [50]. Ac-
cordingly, for a limiting abundance that is a factor of two above
the value given in (19), one obtains the 6Li bound labeled with
∆ = 2 × 104 in Fig. 8 for the scenario with tanβ = 30 and
∆ = 104.

Scenarios with successful thermal leptogenesis in the τ̃1
NLSP region are located preferably on the dark-shaded (dark
green in the web version) band and in the white corner to its
left, in which even slightly higher values of TR are possible
for ∆ = 104. For TR = 1013 GeV and ∆ % 104, the generated

13 We thank M. Pospelov for bringing this point to our attention.
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range of NLSP masses cannot be relaxed. With the dilution after
NLSP decoupling, the relaxation of the TR constraints is more
pronounced. Here also the cosmologically disfavored range of
NLSP masses can be relaxed [27]. However, as can be seen in
panels (b) and (d) of Fig. 7, the 6Li bound is persistent. With
a dilution factor of ∆ = 100, large regions of the (m1/2,m0)

plane remain cosmologically disfavored. For ∆ ! 104, how-
ever, the 6Li bound can be evaded as will be shown explicitly
below.

Fig. 7 shows that inflation models predicting, for example,
TR = 109 GeV become allowed in the CMSSM with gravitino
dark matter for δ = ∆ ≈ 100. Here it is not necessary to have
late-time entropy production in the somewhat narrow window
between NLSP decoupling and BBN. This is different for the
viability of thermal leptogenesis in the considered scenarios
(T G̃

f > TR) and for collider prospects as discussed below.

6. Thermal leptogenesis in the CMSSM with gravitino
dark matter

The constraint TR " 107 GeV obtained in the considered
CMSSM scenarios for a standard cosmological history strongly
disfavors thermal leptogenesis. However, if entropy is released
after NLSP decoupling, a dilution factor of ∆ " 104 can render
thermal leptogenesis viable for TR " 1013 GeV.

Standard thermal leptogenesis usually requires TR ! 109

GeV [17]. However, late-time entropy production dilutes the
baryon asymmetry which is generated well before NLSP de-
coupling,

(26)η(Tafter) = 1
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η(Tbefore).

Therefore, the baryon asymmetry before entropy production
must be larger by a factor of ∆ in order to compensate for the
dilution. For ∆ " 104, this can be achieved in the case of hier-
archical neutrinos for MR1 ∼ TR " 1013 GeV, as can be seen in
Fig. 7(a) of Ref. [61] and in Fig. 2 of Ref. [62]. Here MR1 is the
mass of the lightest among the heavy right-handed Majorana
neutrinos.

In Fig. 6 the dotted (blue in the web version) lines show
a scenario in which a dilution factor of ∆ = 104 is generated
in the out-of-equilibrium decay of a heavy particle X. Because
of ρX(10 GeV) = 8ρrad(10 GeV), the Hubble rate can be en-
hanced already during the decoupling phase of the NLSP, which
leads to an increase of T NLSP

f and YNLSP(T NLSP
f ). In the results

shown below, we account for this by using a modified version
of the micrOMEGAs code.12 After entropy production, the net
effect is still a significant reduction of YNLSP(T0). For the same
initial conditions, ∆ = 2 × 104—and thereby an additional re-
duction of YNLSP(T0) by a factor of two—can be achieved by
lowering Tafter from 4.9 MeV down to 2.5 MeV.

We consider these two scenarios for tanβ = 30, A0 = 0,
µ > 0, and mG̃ = m0, in Fig. 8. Here the shaded (green in

12 The YNLSP contours shown in Fig. 3 do not apply in this section.

Fig. 8. The effect of entropy production after NLSP decoupling for
TR = 1013 GeV and ∆ # 104 in the (m1/2,m0) plane for tanβ = 30, A0 = 0,
µ > 0, and mG̃ = m0. The shaded (green in the web version) bands show
the region in which 0.075 $ ΩG̃h2 $ 0.126 for ∆ = 104 (dark) and 2 × 104

(medium). The dot-dashed (red in the web version) lines illustrate the cor-
responding evolution of the 6Li bound. For ∆ = 104, the regions below the
associated two rightmost curves and to the right of the associated leftmost curve
are allowed. For ∆ = 2 × 104, the region below the line labeled accordingly is
cosmologically allowed.

the web version) bands indicate the region in which 0.075 $
ΩG̃h2 $ 0.126 for TR = 1013 GeV and ∆ = 104 (dark) and
2 × 104 (medium). In addition, the corresponding evolution
of the 6Li bound is shown by the dot-dashed (red in the web
version) lines. For ∆ = 104, the regions below the associated
two rightmost curves and to the right of the associated leftmost
curve are allowed. For ∆ = 2×104, the cosmologically allowed
region is the τ̃1 NLSP region below the line labeled accordingly.
The gray regions are identical to the ones in Fig. 5.

We find that the 6Li bound cannot be evaded for the tanβ =
10 scenarios even for ∆ = 2 × 104 since YNLSP(T0) becomes
larger. However, the 6Li bound given in Fig. 4 of Ref. [22]
depends linearly13 on the assumed limiting primordial abun-
dance (19) that is subject to uncertainties; cf. Ref. [50]. Ac-
cordingly, for a limiting abundance that is a factor of two above
the value given in (19), one obtains the 6Li bound labeled with
∆ = 2 × 104 in Fig. 8 for the scenario with tanβ = 30 and
∆ = 104.

Scenarios with successful thermal leptogenesis in the τ̃1
NLSP region are located preferably on the dark-shaded (dark
green in the web version) band and in the white corner to its
left, in which even slightly higher values of TR are possible
for ∆ = 104. For TR = 1013 GeV and ∆ % 104, the generated
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