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The Minimal Supersymmetric Standard Model

GAUGE Gauge bosons Gauginos `
SU(3)c, SU(2)L

´
Y

B-boson, bino A(1) a
µ = Bµ δa1 λ(1) a = eB δa1 (1 ,1 )0

W-bosons, winos A(2) a
µ = W a

µ λ(2) a = fW a (1 ,3 )0

gluon, gluino A(3) a
µ = Ga

µ λ(3) a = ega (8 ,1 )0

MATTER Sfermions Fermions `
SU(3)c, SU(2)L

´
Y

sleptons, leptons

I = 1, 2, 3

eLI =

0

@ eνI
L

ee− I
L

1

A LI =

0

@ νI
L

e− I
L

1

A (1 ,2 )−1

eE∗I = ee−∗ I
R Ec I = e− c I

R (1 ,1 )+2

squarks, quarks

I = 1, 2, 3

(× 3 colors)

eQI =

0

@euI
L

edI
L

1

A QI =

0

@uI
L

dI
L

1

A (3 ,2 )+ 1
3

eU∗I = eu∗I
R Uc I = uc I

R (3 ,1 )
− 4

3

eD∗I = ed∗I
R Dc I = dc I

R (3 ,1 )+ 2
3

Higgs, higgsinos Hd =

0

@H0
d

H−

d

1

A eHd =

0

@
eH0

d

eH−

d

1

A (1 ,2 )−1

Hu =

0

@H+
u

H0
u

1

A eHu =

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



  Frank D. Steffen   (Max-Planck-Institute for Physics, Munich) Cosmological Constraints on Supersymmetric Models 4

Gauge Couplings Gaugino Mass Parameters
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Why Supersymmetry?

[Lecture by Mark Trodden]
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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

5
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[Lecture by Mark Trodden]
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Cosmological Constraints

• Dark Matter Density

• Structure Formation

• Big Bang Nucleosynthesis

• Baryogenesis / Leptogenesis
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Cosmological Constraints
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focus point region
sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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[see Baltz, Battaglia, Peskin, Wizansky, ’06]

Neutralino LSP Case
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Standard Thermal History of the Universe
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the density fluctuations.

 Slow-roll inflation       
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χ̃0
1 LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

eχ0
1 g, g’ WIMP ← cold • indirect detection (EGRET, GLAST, ...)

weak freeze out neutralino pair annihilation

eχ0
1 eχ0

1 → SM1 SM2

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

elastic neutralino scattering

eχ0
1 A → eχ0

1 A

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

neutralino pair production

p p → eχ0
1 eχ0
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e+ e− → eχ0
1 eχ0

1 ... (ILC)
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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
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focus point region
sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.

DETERMINATION OF DARK MATTER PROPERTIES AT . . . PHYSICAL REVIEW D 74, 103521 (2006)

103521-11

bulk region
sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.

DETERMINATION OF DARK MATTER PROPERTIES AT . . . PHYSICAL REVIEW D 74, 103521 (2006)

103521-11

annihilation funnel

sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.

DETERMINATION OF DARK MATTER PROPERTIES AT . . . PHYSICAL REVIEW D 74, 103521 (2006)

103521-11

coannihilation region
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studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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focus point region
sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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sections, we must interpret experimental data on the spec-
tra and parameters of the underlying physics model. To do
this, we must understand, at a qualitative level, what the
correct model is. We must then convert measurements of
the spectrum of new particles into constraints on the under-
lying model parameters. Some care should be taken in the
choice of the model. If we work in too restrictive a model
context, this procedure will artificially restrict the solu-
tions, and we will claim an unjustified small accuracy for
our predictions. Thus, to evaluate how accurately collider
data will predict the dark matter cross section, we need to
work within a model that, under overall restrictions from
spin and quantum number measurements, has a large pa-
rameter space and allows a wide variety of physical effects
to come into play.

Among models of physics beyond the standard model,
the only one in which dark matter properties have been
studied over such a large parameter space is supersymme-
try [75]. The minimal supersymmetric standard model
(MSSM) introduces a very large number of new parameters
and allows many physically distinct possibilities for the
mass spectrum of new particles. Thus, our strategy for
evaluating the implications of collider data for dark matter
cross sections will be to study a set of MSSM parameter
points which illustrate the variety of physics scenario that
this general model can contain. In each case, we will
systematically scan the parameter space of the MSSM for
models that are consistent with the expected collider mea-
surements. We hope that the insights obtained from this
study will lead us to conclusions of broader applicability
about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

From here on, then, we restrict our attention to models
with supersymmetry in which the role of the WIMP ! is
taken by the lightest ‘‘neutralino’’—a mixture of the
superpartners of " and Z (‘‘gauginos’’) and the superpart-
ners of the neutral Higgs bosons (‘‘Higgsinos’’).
Depending on the spectrum and couplings of the super-
partners, several different reactions can dominate the pro-
cess of neutralino pair annihilation. Some of the most
important possibilities are illustrated in Fig. 6.

The simplest possibility [Fig. 6(a)] is that neutralinos
annihilate to standard model fermions by exchanging their
scalar superpartners. Sleptons are typically lighter than
squarks, so the dominant reactions are !! ! ‘!‘". It
turns out, however, that this reaction is less important
than one might expect over most of the supersymmetry
parameter space. Because neutralinos are Majorana parti-
cles, they annihilate in the S-wave only in a configuration
of total spin 0. However, light fermions are naturally
produced in a spin-1 configuration, and the spin-0 state is
helicity-suppressed by a factor #m‘=m!$2. The dominant
annihilation is then in the P-wave. Since the relic density is

determined at a temperature for which the neutralinos are
nonrelativistic, the annihilation cross section is suppressed
and the prediction for the relic density is, typically, too
large. To obtain values for the relic density that agree with
the WMAP determination, we need light sleptons, with
masses below 200 GeV.

Neutralinos can also annihilate to standard model vector
bosons. A pure U#1$ gaugino (‘‘b-ino’’) cannot annihilate
to W!W" or Z0Z0. However, these annihilation channels
open up if the gaugino contains an admixture of SU#2$
gaugino (‘‘W-ino’’) or Higgsino content [Fig. 6(b)]. The
annihilation cross sections to vector bosons are large, so
only a relatively small mixing is needed.

The annihilation to third-generation fermions can be
enhanced by a resonance close to threshold. In particular,
if mass of the CP odd Higgs boson A0 is close to 2m!,
the resonance produced by this particle can enhance the
S-wave amplitude for neutralino annihilation to b !b and
#!#" [Fig. 6(d)].

If other superparticles are close in mass to the neutra-
lino, these particles can have significant densities when the
neutralinos decouple, and their annihilation cross sections
can also contribute to the determination of the relic density
through a coannihilation process. If the sleptons are only
slightly heavier than the neutralino, the reactions ~‘! ! "‘
and ~‘ ~‘ ! ‘‘ can proceed in the S-wave and dominate the
annihilation [Fig. 6(c)]. Coannihilation with W! partners
(‘‘charginos‘‘) and with top squarks can also be important
in some regions of the MSSM parameter space.

A common feature of all four mechanisms is that the
annihilation cross section depends strongly both on the
masses of the lightest supersymmetric particles and on
the mixing angles that relate the original gaugino and
Higgsino states to the neutralino mass eigenstates. Both

FIG. 6 (color online). Four neutralino annihilation reactions
that are important in different regions of the MSSM parameter
space: (a) annihilation to leptons, (b) annihilation to W!W",
(c) coannihilation with ~#, (d) annihilation through the A0 reso-
nance.
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LSP Dark Matter: Production, Constraints, Experiments
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• lighter stop

• lightest sneutrino

10 GeV
WIMP
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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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• 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

+
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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

24
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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, ...)

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

10 GeV
WIMP
freeze 
out
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Gravitino LSP Case
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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]
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Axino LSP Case
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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; ...]

Upper Bounds on TR from Thermal Production of ã/G̃’s
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Gravitino Dark Matter: Constraints

CDM←(mã, TR)≈(100 keV, 106 GeV)

HDM←(mã, TR)≈(100 eV , 109 GeV)

CDM←(m eG, TR)≈(10 MeV , 106 GeV)

CDM←(m eG, TR)≈(100 GeV, 109 GeV)

[ ... ; Brandenburg, FDS, ’04] [ ... ; Pradler, FDS, hep-ph/0612291]

a a

a

67

[Brandenburg, FDS, ‘04]
see also [Covi et al., ’01] 

identical to the 
gravitino case
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Cosmological Constraints

• Dark Matter Density

• Structure Formation

• Big Bang Nucleosynthesis

• Baryogenesis / Leptogenesis
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1. Introduction

Inflation
 : a phase of the exponential expansion.

solves the horizon and flatness 
problems.

explains the origin of 
the density fluctuations.
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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

BBN

Big Bang Nucleosynthesis
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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]

SBBNDeriving this formula I used the relations (19) with κ ! 1.11, and (28); the obtained equation
was solved by iterations assuming that 10−1 < η10 < 10.

After deuterium abundance reaches the value given by (34) everything proceeds very fast.
In fact, if η10 = 1 then according to (28) the equilibrium concentration XD should increase from
10−4 to 10−2 when the temperature drops from 0.08 MeV to 0.07 MeV . This increase of XD

means that the reaction rates converting the deuterium to more heavy elements, which are pro-
portional to X2

D, at T ∼ 0.07 MeV become 104 times bigger than the rate of the expansion. It is
clear that this system is far from the equilibrium and the deuterium supplied by pn−reactions “is
converted” very fast to more heavy elements. This doesn’t allow the deuterium concentration to
increase to the values bigger than 10−2. The details of the nonequilibrium processes are described
by a complicated system of kinetic equations which can be solved only numerically. In Fig.2 the
results of numerical calculations for the time evolution of the element abundances in the universe
with ΩBh2

75 ! 5 × 10−2 are shown [5].

Below I present the calculations which explain the time behavior of these abundances and
derive the formulae for the final freeze-out abundances of light elements up to 7Be. This includes
4He, deuterium (D) , helium-3 (3He) , tritium (T ) , Lithium-7 (7Li) and Beryllium (7Be) . The
other light elements as, for instance, 8Li, 8B etc. are produced in very small amounts and will
be ignored.

The most important nuclear reactions involving the light elements are schematically de-
picted in Fig.1, which I recommend to keep in front of the eyes reading the rest of the paper.

p,n D

p,n

DD2

 DD1

     

T

He

He

Be

Li

3

7

4

7

He  HeHe D   

 T D
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He n  Be n       
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3  

  4

7  

4 

7

D !

figure 1

In this Figure to every element corresponds its own ”reservoir” . All these ”reservoirs”
are connected by ”one-way-pipes”. Every ”pipe” corresponds to an appropriate nuclear reaction.
I write only the initial elements involved in the reaction, since the outcome can be easy inferred

10

the concentration XD ! 10−2 is reached very fast after t(i), namely, when the temperature drops
from 0.08 MeV to 0.07 MeV (for η10 = 1) , that is, with

∆t ! 2t(i)
∆T

T (i)
! 50 sec (39)

time delay after t(i). When this concentration is reached the two-body DD−deuterium destruction
become more efficient than the pn−deuterium production and XD begins to decrease10 (see Fig.2).

figure 2

The concentration of the free neutrons during this period strongly decreases and they go
first to the ”deuterium reservoir” and then proceed further ”through the pipes” forming heavy
elements. For most neutrons the “final destination” is the ”4He−reservoir”.

Why it is so can be understood even without analyzing the rates of the intermediate
reactions. Actually, if 4He would be in the equilibrium with the other light elements it would
be dominating at low temperatures because of its high binding energy (28.3 MeV ) , which is
four times bigger than the binding energies of the intermediate elements, 3He (7.72 MeV ) and
T (6.92 MeV ). The system which is away from equilibrium always tends there in a quickest
possible way. Therefore, most of the free neutrons will be capture into 4He−nuclei because its
equilibrium demand is the highest.

The reactions proceed in the following way. First, the deuterium is converted into 3He
and T in reactions (29). After that tritium interacts with deuterium and produce the helium-4

10The deuterium photo-destruction can be completely neglected after that. It is clear if we note that if there
would be only photo-destruction processes alone then the deuterium concentration would continue to increase.

12

[Burles et al., ’99]

[V. Mukhanov, ’04]
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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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Catalyzed BBN   [Pospelov, ’06]
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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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[Pospelov, Pradler, FDS, ’08]  (C)BBN Constaints

Constraints from the catalysis of 9Be

The long-lived stau as thermal relic, IMPRS seminar Josef Pradler, MPI für Physik

• 9Be and 6Li constraints “on
top”: both are catalyzed at

T ! 8 keV

• Qualitative difference:
9Be can be considered to be
more robust observationally

This plot assumes

Yeτ1
! 7×10−14

( meτ1

100 GeV

)

→ generic?

disfavored
by

cosmological
constraints

see also
 [FDS, hep-ph/0611027]

Gravitino LSP Case with a Charged Slepton NLSP



  Frank D. Steffen   (Max-Planck-Institute for Physics, Munich) Cosmological Constraints on Supersymmetric Models 22

Axino LSP Case with a Charged Slepton NLSP

[Freitas, FDS, Tajuddin, Wyler, 0909.3293]

Upper Limits on the Peccei-Quinn Scale

7

|eQ| = 1/3
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FIG. 5: BBN constraints on the PQ scale fa, shown for (a) m eB = 1.1 meτ , Yeτ given by (8) with κ = 0.7 and (b) m eB = 1.02 meτ ,
Yeτ given by (8) with κ = 2.8. In both panels, m2

ea/m2
eτ ! 1, |eQ| = 1/3, and y = 1. The hadronic BBN constraints associated

with (13) and (14) disfavor the regions in the upper right-hand corner enclosed by the respective short-dash-dotted (blue) lines.
Electromagnetic BBN constraints associated with D disfavor the upper regions enclosed by the respective dashed (blue) lines
and the ones associated with 3He/D the region above the double-dash-dotted (green) line. The regions above the long-dash-
dotted (red) and the solid lines are disfavored by the CBBN constraints associated with (15) and (16). Contours of τeτ = 102,
104, and 106 s are shown by the dotted lines.

constraints are provided only for τeτ ≥ 100 s since we
have not considered the typically milder limits associ-
ated with proton–neutron interconversion processes [26]
which become relevant for smaller τeτ [23, 24, 25]. Nev-
ertheless, the hadronic BBN constraints place limits on
the PQ scale fa that become clearly more restrictive than
the CBBN-induced limits torwards large meτ and/or large
Yeτ . In fact, the hadronic BBN constraint on fa can be
the dominant one already in a mass range, meτ < 1 TeV,
that is promising for a discovery of a long-lived stau at
the LHC.

While the above sets of BBN constraints correspond to
the ones shown in the previous section (cf. Fig. 3), we also
indicate in Fig. 5 the electromagnetic BBN constraints
imposed by primordial D and 3He/D. Our derivation
of the electromagnetic BBN constraints proceeds as out-
lined for the hadronic ones in Sect. V but relies on the
conservative εem (6) and on upper limits on ξem ≡ εem Yeτ .
Accordingly, we obtain the shown Dsev

em and 3He/D con-
straints from the respective limits given in Fig. 42 of
Ref. [23] and the Dcons

em constraint from the respective

limit given in Fig. 6 of Ref. [39]. Those Dsev/cons
em and

3He/D constraints disfavor the upper regions enclosed by
the respective dashed (blue) lines and the regions above
the double-dash-dotted (green) lines in Fig. 5.

Figure 5 shows that the electromagnetic BBN con-
straints appear only for ττ̃1

> 104 s thereby excluding
regions already disfavored by CBBN. Nevertheless, they
support the finding that, e.g., values of the PQ scale at

the scale of grand unification, fa ∼ 1016 GeV, will be in
conflict with successful BBN in the considered scenarios
once a long-lived charged slepton is observed at the LHC.

Before closing let us discuss the robustness of the
shown fa limits and address important sentitivities:

• By considering m2
ea/m2

eτ ! 1, the CBBN-imposed
fa limits are conservative limits. Those constraints
become more restrictive for mea → meτ . This is dif-
ferent for constraints associated with late energy in-
jection, where any bound can be evaded for a finely
tuned mea–meτ degeneracy leading to εhad/em → 0.

• The fa limits are sensitive to Yeτ . In settings with
a sizable left-right stau mixing, an exceptionally
small Yeτ is possible such that even the CBBN con-
straints may be respected [35, 36].

• The fa limits depend on the quantum numbers of
the heavy KSVZ fields. While εhad/em are indepen-
dent of eQ, τeτ ∝ 1/e4

Q. The fa limits can thus be
relaxed, e.g., by one order of magnitude for eQ = 1.

• The CBBN and hadronic BBN constraints in the
case of the ẽR or µ̃R NLSP are identical to the
ones shown. The electromagnetic BBN constraints
however will be more restrictive in the ẽR NLSP
case since all of the electron energy Ee released in
the ẽR NLSP decay will contribute: εem = Ee.
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ã/m2

τ̃ ! 1

Yτ̃ = 0.7 × 10−12 (mτ̃/1 TeV)

mτ̃ [TeV]

f a
[G

eV
]

0.1 0.2 0.5 1 2 5

1012

1013

1014

1015

1016

10
2 s

10
4 s

10
6 s

Dsev
had Dcons

had

Dsev
em

Dcons
em

3He/D

6Li

!

9Be |eQ| = 1/3
mB̃ = 1.02 mτ̃

m2
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FIG. 5: BBN constraints on the PQ scale fa, shown for (a) m eB = 1.1 meτ , Yeτ given by (8) with κ = 0.7 and (b) m eB = 1.02 meτ ,
Yeτ given by (8) with κ = 2.8. In both panels, m2
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Fig. 3. Summary of astrophysical
and cosmological axion limits as dis-
cussed in the text. The black sensitiv-
ity bars indicate the search ranges of
the CAST solar axion search and the
ADMX search for galactic dark matter
axions. Light-grey exclusion bars are
very model dependent

The requirement that the neutrino signal of SN 1987A was not excessively
shortened by axion losses pushes the limits down to ma ! 10 meV. However,
this limit involves many uncertainties that are difficult to quantify so that
it is somewhat schematic. The CAST search for solar axions [46] covers new
territory in the parameter plane of ma and gaγγ , but a signal would represent
a conflict with the SN 1987A limit. While this limit certainly suggests that
axions more plausibly have masses relevant for cold dark matter, a single
argument, measurement or observation is never conclusive.

In the DFSZ model, the limits from white-dwarf cooling based on the
axion-electron interaction and those from SN 1987A from the axion-nucleon
interaction are quite similar. Therefore, axion emission could still play an
important role as an energy-loss channel of both SNe and white dwarfs and
for other evolved stars, e.g. asymptotic giant stars.

In summary, axions provide a show-case example for the fascinating inter-
play between astrophysics, cosmology and particle physics to solve some of
the deepest mysteries at the interface between inner space and outer space.

[Raffelt, ’06]

Astrophysical 
Axion Bounds

Bounds from 
Axion Searches
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Cosmological Constraints

• Dark Matter Density

• Structure Formation

• Big Bang Nucleosynthesis

• Baryogenesis / Leptogenesis
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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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For a review (including an 
extensive list of references),

see

[FDS, Dark Matter Candidates, 
Eur. Phys. J. C59 (2009) 557, 

arXiv:0811.3347]

in

The European Physical Journal C

EPJ C
RecognizedbyEuropeanPhysicalSociety

Particles and Fields

volume 59 !number 2 ! january ! 2009

Supersymmetry at thedawnof the LHC

Present limits on the spin-independent neutralino nucleon
cross section from direct searches.

From F.D. Steffen: Dark-matter candidates
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Cosmological Constraints

• Dark Matter Density

• Structure Formation

• Big Bang Nucleosynthesis

• Baryogenesis / Leptogenesis
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The gravitino

can become a

problem ...
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Thermal Gravitino Production
gauge-field of
local SUSY

(supergravity)

Stable Gravitino
gravitino LSP

Unstable Gravitino
neutralino LSP

• neutralino DM

• late gravitino decays 
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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.)
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extremely weak NLSP decays ← warm + eτ collection
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Very Hot Early Universe

T ~ 107 GeV

20

gauge-invariant treatment
(hard thermal loop resummation)

SUSY QCD
[Bolz, Brandenburg, Buchmüller, ’01]

+ electroweak contributions
[Pradler, Steffen, ’06 & ’07]

Very Hot Early Universe

• gravitino DM

• late NLSP decays 

• NLSP bound states BBN constraints
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Upper Limits on the Reheating Temperature

Figure 7: Upper bound on the reheating temperature for the Case 1 as a function of the
gravitino mass.

photo- and hadro-dissociations are ineffective. Then, overproduction of 4He due to the
p ↔ n conversion becomes the most important. For the observational constraints on the
mass fraction of 4He, we consider three different observational results given in Eqs. (5.8) −
(5.10). As one can see, the upper bound on TR in this case is sensitive to the observational
constraint on the primordial abundance of 4He; for the case of m3/2 = 10 TeV, for example,
TR is required to be lower than 3 × 107 GeV if we use the lowest value of Y given in Eq.
(5.8) while, with the highest value given in Eq. (5.10), the upper bound on the reheating
temperature becomes as large as 4 × 109 GeV.

When 400 GeV <∼ m3/2
<∼ 5 TeV, gravitinos decay when the cosmic temperature is 1 keV

− 100 keV. In this case, hadro-dissociation gives the most stringent constraints; in particu-
lar, the overproductions of D and 6Li become important. Furthermore, when the gravitino
mass is relatively light (m3/2

<∼ 400 GeV), the most stringent constraint is from the ratio
3He/D which may be significantly changed by the photo-dissociation of 4He.

It should be noted that, even when the gravitino cannot directly decay into colored
particles (i.e., the squarks, gluino, and their superpartners) due to the kinematical reason,
the reheating temperature may still be stringently constrained from the hadro-dissociation
processes. This is due to the fact that some of the non-colored decay products (in partic-
ular, the weak bosons W± and Z as well as some of the superparticles) produce hadrons
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Unstable Gravitino

Thermal Leptogenesis requires T >109 GeV
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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
,

[Pradler, FDS, ’07]

Neutralino LSP

Late Decaying Gravitinos
from Thermal 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, ...)

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

+

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
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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)
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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

20

gauge-invariant treatment
(hard thermal loop resummation)

SUSY QCD
[Bolz, Brandenburg, Buchmüller, ’01]

+ electroweak contributions
[Pradler, Steffen, ’06 & ’07]

Very Hot Early Universe

• gravitino DM

• late NLSP decays 

• NLSP bound states BBN constraints
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Upper Limits on the Reheating Temperature

Figure 7: Upper bound on the reheating temperature for the Case 1 as a function of the
gravitino mass.

photo- and hadro-dissociations are ineffective. Then, overproduction of 4He due to the
p ↔ n conversion becomes the most important. For the observational constraints on the
mass fraction of 4He, we consider three different observational results given in Eqs. (5.8) −
(5.10). As one can see, the upper bound on TR in this case is sensitive to the observational
constraint on the primordial abundance of 4He; for the case of m3/2 = 10 TeV, for example,
TR is required to be lower than 3 × 107 GeV if we use the lowest value of Y given in Eq.
(5.8) while, with the highest value given in Eq. (5.10), the upper bound on the reheating
temperature becomes as large as 4 × 109 GeV.

When 400 GeV <∼ m3/2
<∼ 5 TeV, gravitinos decay when the cosmic temperature is 1 keV

− 100 keV. In this case, hadro-dissociation gives the most stringent constraints; in particu-
lar, the overproductions of D and 6Li become important. Furthermore, when the gravitino
mass is relatively light (m3/2

<∼ 400 GeV), the most stringent constraint is from the ratio
3He/D which may be significantly changed by the photo-dissociation of 4He.

It should be noted that, even when the gravitino cannot directly decay into colored
particles (i.e., the squarks, gluino, and their superpartners) due to the kinematical reason,
the reheating temperature may still be stringently constrained from the hadro-dissociation
processes. This is due to the fact that some of the non-colored decay products (in partic-
ular, the weak bosons W± and Z as well as some of the superparticles) produce hadrons
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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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4

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.

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