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20. Big-Bang nucleosynthesis 3
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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: 2! statistical errors; larger boxes: ±2! 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]

Big Bang NucleosynthesisDeriving this formula I used the relations (19) with ! ! 1.11, and (28); the obtained equation
was solved by iterations assuming that 10!1 < "10 < 10.

After deuterium abundance reaches the value given by (34) everything proceeds very fast.
In fact, if "10 = 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 !Bh2

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.
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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 !10 = 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 e"cient 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: 2! statistical errors; larger boxes: ±2! 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]

Lyman α ForrestBig 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: 2! statistical errors; larger boxes: ±2! 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

η = 6×10-10 
baryon asymmetry

ΩB = 4 %
baryon density
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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: 2! statistical errors; larger boxes: ±2! 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

η = 6×10-10 
baryon asymmetry

ΩB = 4 %
baryon density

What is the origin
of the 

baryon asymmetry ?

TR > 109 GeV
Thermal Leptogenesis

Electroweak Baryogenesis
mH < 120 GeV

[Talks by Carlos Wagner]
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• neutrino oscillations

• weakly interacting

• hot thermal relics
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Supersymmetric Dark Matter Candidates

The lightest neutralino, the gravitino, and the axino

Frank Daniel Ste!en1 a

Max-Planck-Institut für Physik, Föhringer Ring 6, D-80805 Munich, Germany

Abstract. In supersymmetric extensions of the Standard Model, the lightest neutralino, the grav-
itino, and the axino can appear as the lightest supersymmetric particle and as such provide a
compelling explanation of the non-baryonic dark matter in our Universe. For each of these dark
matter candidates, I review the present status of primordial production mechanisms, cosmological
constraints, and prospects of experimental identification.

PACS. 95.35.+d Dark matter – 12.60.Jv Supersymmetric models – 04.65.+e Supergravity

1 Introduction

Numerous astrophysical and cosmological considera-
tions point to the existence of non-baryonic dark mat-
ter in our Universe [1,2]. In fact, based on observa-
tions of supernovae, galaxy clusters, and the cosmic
microwave background (CMB), we believe today that
our Universe is flat with about 76%, 20%, and 4% of
the critical energy density !c provided in the form of
dark energy, non-baryonic dark matter, and baryons,
respectively [3,4]. A nominal “3"” range1 of the dark
matter density #dm = !dm/!c can be inferred from
measurements of the CMB anisotropies by the Wilkin-
son Microwave Anisotropy Probe (WMAP) satellite [3]

#3!
dmh2 = 0.105+0.021

!0.030 (1)

with h = 0.73+0.04
!0.03 denoting the Hubble constant in

units of 100 kmMpc!1s!1.
Relying on the pieces of evidence, we think that

a particle physics candidate for dark matter has to
be electrically neutral, color neutral,2 and stable or
have a lifetime $dm that is not much smaller than the
age of the Universe today t0 ! 14 Gyr. Moreover, the
species providing the dominant contribution to #dm

have to be su"ciently slow to allow for structure for-
mation. For example, since the neutrinos of the Stan-
dard Model are too light,

!
i m"i ! O(1 eV) [6], they

a Email: ste!en@mppmu.mpg.de
1 Note that the nominal “3!” range is derived assuming a

restrictive six-parameter “vanilla” model. A larger range is
possible—even with additional data from other cosmologi-
cal probes—if the fit is performed in the context of a more
general model that includes other physically motivated pa-
rameters such as a nonzero neutrino mass [5]. Thereby, the
range 0.094 < "dmh2 < 0.136 has been obtained in Ref. [5].

2 A colored dark matter candidate is disfavored by severe
limits from searches for anomalous heavy nuclei [4].

were too fast at early times. Accordingly, they are clas-
sified as hot dark matter which can constitute only a
minor fraction of #dm since otherwise structure forma-
tion cannot be understood [7]. Thus, the observation-
ally inferred dark matter density can be considered as
evidence for physics beyond the Standard Model.

Supersymmetric (SUSY) extensions of the Stan-
dard Model are an appealing concept because of their
remarkable properties, for example, with respect to
gauge coupling unification, the hierarchy problem, and
the embedding of gravity [8,9,10,11,12,13]. As super-
partners of the Standard Model particles, new parti-
cles appear including fields that are electrically neutral
and color neutral. Since they have not been detected
at particle accelerators, these sparticles must be heavy
or extremely weakly interacting.

Because of the non-observation of reactions that vi-
olate lepton number L or baryon number B, it is often
assumed—as also in this review—that SUSY theories
respect the multiplicative quantum number

R = ("1)3B+L+2S , (2)

known as R-parity, with S denoting the spin. Since
Standard Model particles and superpartners carry re-
spectively even (+1) and odd (-1) R-parity, its con-
servation implies that superpartners can only be pro-
duced or annihilated in pairs and that the lightest su-
persymmetric particle (LSP) cannot decay even if it is
heavier than most (or all) of the Standard Model parti-
cles.3 An electrically neutral and color neutral LSP can
thus be a compelling dark matter candidate. For the
lightest neutralino, the gravitino, and the axino, which
are well-motivated LSP candidates, this is shown be-
low. For each scenario, I will address implications for
cosmology and experimental prospects. Note that the

3 While R-parity conservation is assumed in this review,
its violation is a realistic option; see, e.g., [14,15,16,17,18].

• hot dark matter

SDSS

0.1 % ≤ Ων ≤1.5 %
neutrino density
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Dark Matter

ΩM = 24 %
matter density

ΩB = 4 %
baryon density

ΩDM = 20 %

dark matter density



  Frank D. Steffen   (Max-Planck-Institute for Physics, Munich) Dark Matter Computations 13

Dark Energy

ΩM = 24 %
matter density

Ωtot = 100 %
total density ΩDE = 76 %

dark energy density

Cosmological Constant Problem
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Dark Energy

Supernovae IaEvidence for Dark Energy

 [from Huterer’s Talk at PONTAvignon 2008]
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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.

 Slow-roll inflation       

Guth, `81

V
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What is

the (particle ?) 
identity

of dark matter???



• stable or lifetime well above 

the age of our Universe 

• electrically neutral

• clusters 

• “cold”

• dissipationless 

• color neutral

Properties of Dark Matter
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The Standard Model
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Dark Matter

Physics beyond

 the Standard Model
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The Minimal Supersymmetric Standard Model
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Gauge Couplings Gaugino Mass Parameters
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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 $X ! superpartners

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

SM1

SUSY

SM2R-ParitySM

SUSY1

SUSY2

R-Parity

23
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Supersymmetric Dark Matter Candiates

LSP ID spin mass interaction

lightest neutralino e!0
1

eB, fW, eH0
u, eH0

d
1
2 O(100 GeV) g, g’

! MSSM mixture M1, M2, µ, tan " weak

24

Weakly 
Interacting 
Massive 
Particle

[“Heavy Neutrino”]
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t
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radiation dominated mat. dom. Λ dom.
ρrad∝ a-4 ρmat∝ a-3 ρΛ∝ a0

t0=14 Gy

T0=2.73 K1eV1 MeV
1s 100.000 y

BBN LHC

inflation

slow
roll

reheat
phase

ρϕ∝ a0

1. Introduction

Inflation
 : a phase of the exponential expansion.

solves the horizon and flatness 
problems.

explains the origin of 
the density fluctuations.

 Slow-roll inflation       

Guth, `81
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!!0
1 LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

weak freeze out neutralino pair annihilation

e!0
1 e!0

1 → SM1 SM2

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

elastic neutralino scattering

e!0
1 A → e!0

1 A

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

neutralino pair production

p p → e!0
1 e!0

1 ... (Tevatron, LHC)

e+ e! → e!0
1 e!0

1 ... (ILC)

[Talk by Manuel Drees]

!e!0
1

= !DM is possible!!!

(? natural ?)
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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 !!0
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 !B, the wino "W , and the neu-
tral higgsinos !H0

u and !H0
d . Accordingly, !!0

1 is a spin 1/2
fermion with weak interactions only. Its mass me!0

1
de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tan", and the higgsino mass param-
eter µ. Expecting me!0

1
= O(100 GeV), !!0

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, tan", 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 !!0

1 or
the lighter stau !#1, whose mass is denoted by me"1

. If
the LSP is assumed to be the LOSP, the parameter re-
gion in which me"1

< me!0
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 !#1 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, tan" = 10. Above (be-
low) the dashed line, me!0

1
< me"1

(me"1
< me!0

1
). The

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

are excluded respectively by the mass bounds m
e!±
1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that me!0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The !!0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! me!0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic !!0
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 ! = 10. Above (below) the dashed line,
me!0

1
< me"1

(me"1
< me!0

1
). The medium gray and the light

gray regions show the LEP bounds m
e!±
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 Ye!0
1
" ne!0

1
/s is given by Y dec

e!0
1

# Y eq
e!0
1

(Tf),

where n(eq)
e!0
1

is the (equilibrium) number density of !!0
1’s

and s = 2$2 g!S T 3/45 the entropy density. Depend-
ing on details of the !!0

1 decoupling, Y dec
e!0
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 !!0
1 LSP yield can easily

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

%e!0
1
h2 = me!0

1
Y dec

e!0
1

s(T0)h2/&c (3)

agrees with %3#
dmh2 only in narrow regions in the pa-

rameter space; &c/[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 % %e!0

1
h2 % 0.138.

Remarkably, it is exactly the small width of the
%e!0

1
= %dm regions which could help us to identify

!!0
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 %e!0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of %e!0

1
with respect to the

SUSY model, an agreement of the obtained %e!0
1

with
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the LSP is assumed to be the LOSP, the parameter re-
gion in which me"1

< me!0
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 !#1 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, tan" = 10. Above (be-
low) the dashed line, me!0

1
< me"1

(me"1
< me!0

1
). The

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

are excluded respectively by the mass bounds m
e!±
1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that me!0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The !!0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! me!0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic !!0
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 ! = 10. Above (below) the dashed line,
me!0

1
< me"1

(me"1
< me!0

1
). The medium gray and the light

gray regions show the LEP bounds m
e!±
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].
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where n(eq)
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is the (equilibrium) number density of !!0
1’s

and s = 2$2 g!S T 3/45 the entropy density. Depend-
ing on details of the !!0

1 decoupling, Y dec
e!0
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 !!0
1 LSP yield can easily

vary by more than an order of magnitude. Because of
this sensitivity, the associated thermal relic density
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indicate the region with 0.087 % %e!0
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Remarkably, it is exactly the small width of the
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= %dm regions which could help us to identify
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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 %e!0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of %e!0

1
with respect to the

SUSY model, an agreement of the obtained %e!0
1

with
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d . Accordingly, !!0
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eter µ. Expecting me!0
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1 is classified
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breaking parameters at the scale of grand unification
MGUT; cf. [12,20] and references therein. For example,
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ear scalar interactions are assumed to take on the re-
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Specifying m1/2, m0, A0, tan", and the sign of µ, the
low-energy mass spectrum is given by the renormal-
ization group running from MGUT downwards.
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scenarios, in which the LOSP is the next-to-lightest
supersymmetric particle (NLSP), the !#1 LOSP case
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Boltzmann Eqs. for WIMP freeze out

• ∗Includes loop corrected sparticle masses and mixing matrices.

• ∗Includes loop-corrected Higgs masses and widths. QCD corrections to the Higgs

couplings to fermion pairs are included as well as, via an e!ective Lagrangian, the

"mb correction relevant at large tan!.

• ∗Provides exact numerical solution of the Boltzmann equation by Runge-Kutta.

• Outputs the relative contribution of each channel to 1/#

• ∗Computes cross-sections for any 2 ! 2 process at the parton level.

• ∗Calculates decay widths for all particles at tree-level including all 1 ! 2 decay

modes.

• ∗Calculates NLO corrections to b ! s".

• ∗Calculates constraints on MSSM: (g " 2)µ, "#, Bs ! µ+µ−.

• ∗Supports both C and Fortran.

• Performs rapidly the relic density calculation, the limiting factor in the execution

time of the program is the computation of the supersymmetric spectrum.

New features in the list above are denoted by a star. In this paper we emphasize mainly

the new features of our package, full details can be found in the original reference [6]. In

Section 2, we describe the main changes to our calculation of the relic density. We then

give the parameters of the supersymmetric model used in our package. A description of the

package follows in Section 4. Section 5 gives instructions for running the program as well as

sample sessions. Finally in Section 6 we compare our results with those of DarkSUSY4.0

[17], the other public package that computes the relic density of supersymmetric dark

matter.

2 Calculation of the relic density

The most complete formulae for the calculation of the abundance Y (T ) were presented

in [7, 8] and we will follow their approach rather closely. The evolution equation for the

abundance, defined as the number density divided by the entropy density, writes

dY

dT
=

!

$g∗(T )

45
Mp < %v > (Y (T )2 " Yeq(T )2) (2.1)

3

where g! is an e!ective number of degree of freedom [7], Mp is the Planck mass and

Yeq(T ) the thermal equilibrium abundance. < !v > is the relativistic thermally averaged

annihilation cross-section of superparticles summed over all channels,

< !v >=

!

i,j
gigj

"

(mi+mj)2
ds
!

sK1(
!

s/T )p2
ij!ij(s)

2T (
!

i
gim2

i K2(mi/T ))2
, (2.2)

where gi is the number of degree of freedom, !ij the total cross section for annihilation

of a pair of supersymmetric particles with masses mi, mj into some Standard Model

particles, and pij(
!

s) is the momentum (total energy) of the incoming particles in their

center-of-mass frame.

Integrating Eq. 2.1 from T = " to T = T0 leads to the present day abundance Y (T0)

needed in the estimation of the relic density,

"LSP h2 =
8"

3

s(T0)

M2
p (100(km/s/Mpc))2

MLSP Y (T0) = 2.742 # 108MLSP

GeV
Y (T0) (2.3)

where s(T0) is the entropy density at present time and h the normalized Hubble constant.

The present-day energy density is then simply expressed as #LSP = 10.54"h2(GeV/m3).

Let us rewrite Eq. 2.1 in terms of X = T/MLSP

dY

dX
= A(X)(Yeq(X)2 $ Y (X)2) (2.4)

A(X) =
MLSP

X2

#

"g!(MLSP /X)

45
Mp < !v > (2.5)

First note that one will always have Y (X) % Yeq(X) when A(X)Yeq(X) & 1. This is

the case at X ' 1 since the equilibrium abundance Yeq(X) % O(1) [7, 8] and for a typical

electroweak cross-section , < !v >% 10"10GeV "2, and LSP mass, MLSP % 100GeV , one

has A % 1010. Choosing a starting point for the solution of the numerical equation at

small X will rapidly return the solution Y = Yeq. On the other hand when X > 1, Yeq(X)

decreases exponentially as e"X . Then neglecting the dependence on X in both A(X) and

Yeq(X)eX we get

#Y = Y (X) $ Yeq(X) =
1

2A
(2.6)

where #Y ( Yeq. In this approximation, #Y does not depend on X, whereas Yeq(X)

decreases exponentially. This can be used to find a starting point Xf1 for the numerical so-

lution of the di!erential equation (2.4). In order to find Xf1 where #Y (Xf1) = $ Yeq(Xf1)

one can solve

Yeq(Xf1)
# = A(Xf1) ) Yeq(Xf1)

2$($ + 2) (2.7)

4
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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 !!0
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 !B, the wino "W , and the neu-
tral higgsinos !H0

u and !H0
d . Accordingly, !!0

1 is a spin 1/2
fermion with weak interactions only. Its mass me!0

1
de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tan", and the higgsino mass param-
eter µ. Expecting me!0

1
= O(100 GeV), !!0

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, tan", 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 !!0

1 or
the lighter stau !#1, whose mass is denoted by me"1

. If
the LSP is assumed to be the LOSP, the parameter re-
gion in which me"1

< me!0
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 !#1 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, tan" = 10. Above (be-
low) the dashed line, me!0

1
< me"1

(me"1
< me!0

1
). The

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

are excluded respectively by the mass bounds m
e!±
1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that me!0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The !!0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! me!0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic !!0
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 ! = 10. Above (below) the dashed line,
me!0

1
< me"1

(me"1
< me!0

1
). The medium gray and the light

gray regions show the LEP bounds m
e!±
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 Ye!0
1
" ne!0

1
/s is given by Y dec

e!0
1

# Y eq
e!0
1

(Tf),

where n(eq)
e!0
1

is the (equilibrium) number density of !!0
1’s

and s = 2$2 g!S T 3/45 the entropy density. Depend-
ing on details of the !!0

1 decoupling, Y dec
e!0
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 !!0
1 LSP yield can easily

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

%e!0
1
h2 = me!0

1
Y dec

e!0
1

s(T0)h2/&c (3)

agrees with %3#
dmh2 only in narrow regions in the pa-

rameter space; &c/[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 % %e!0

1
h2 % 0.138.

Remarkably, it is exactly the small width of the
%e!0

1
= %dm regions which could help us to identify

!!0
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 %e!0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of %e!0

1
with respect to the

SUSY model, an agreement of the obtained %e!0
1

with
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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].
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tral higgsinos !H0

u and !H0
d . Accordingly, !!0

1 is a spin 1/2
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de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tan", and the higgsino mass param-
eter µ. Expecting me!0

1
= O(100 GeV), !!0

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, tan", and the sign of µ, the
low-energy mass spectrum is given by the renormal-
ization group running from MGUT downwards.
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. If
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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 !#1 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, tan" = 10. Above (be-
low) the dashed line, me!0
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). The
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are excluded respectively by the mass bounds m
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>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that me!0
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=

O(100 GeV) appears naturally within the CMSSM.
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The !!0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! me!0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic !!0
1’s

becomes smaller than the Hubble rate so that they
decouple from the thermal plasma. Thus, for T ! Tf ,
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available which allow for a numerical calculation of the
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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 !!0
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 !B, the wino "W , and the neu-
tral higgsinos !H0

u and !H0
d . Accordingly, !!0

1 is a spin 1/2
fermion with weak interactions only. Its mass me!0

1
de-

pends on the gaugino mass parameters M1 and M2, on
the ratio of the two MSSM Higgs doublet vacuum ex-
pectation values tan", and the higgsino mass param-
eter µ. Expecting me!0

1
= O(100 GeV), !!0

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, tan", 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 !!0

1 or
the lighter stau !#1, whose mass is denoted by me"1

. If
the LSP is assumed to be the LOSP, the parameter re-
gion in which me"1

< me!0
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 !#1 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, tan" = 10. Above (be-
low) the dashed line, me!0

1
< me"1

(me"1
< me!0

1
). The

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

are excluded respectively by the mass bounds m
e!±
1

>
94 GeV and mH > 114.4 GeV from chargino and
Higgs searches at LEP [4]. It can be seen that me!0

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The !!0
1’s were in thermal equilibrium for primordial

temperatures of T > Tf ! me!0
1
/20. At Tf the an-

nihilation rate of the (by then) non-relativistic !!0
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 ! = 10. Above (below) the dashed line,
me!0

1
< me"1

(me"1
< me!0

1
). The medium gray and the light

gray regions show the LEP bounds m
e!±
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].
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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 !!0
1 LSP yield can easily

vary by more than an order of magnitude. Because of
this sensitivity, the associated thermal relic density
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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 %e!0

1
is possible

assuming a standard thermal history of the Universe.
Because of the sensitivity of %e!0
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with respect to the

SUSY model, an agreement of the obtained %e!0
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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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Neutralino Dark Matter Production @ CMS

[from M. Tytgat’s Talk, SUSY 2007]

ET
missing=360 GeV

The LHC Status of the LHC Experiments Besides the Standard Model Top SUSY matters Engineering the Discovery Plan Wisdom from the Past

Canonical Dark Matter Searches Using Missing
Energy

Michael Tytgat, yesterday
Emiss

T =360 GeV, ET (1)=330 GeV, ET (2)=140 GeV, ET (3)=60 GeV

LHC can discover such events fast. Their cross section is huge :
10,000 to 1,000,000 events per year...

ET
(1)=330 GeV

ET
(2)=140 GeV

ET
(3)=60 GeV

ET
(3)=60 GeV

ET
(1)=330 GeV

ET
(2)=140 GeV

!"#$%&'(%&))* +,%-$./0.(%1213)*(%405#65"78 9'

!"#$%&'(%!)*)%+),-%...

!"#$#%"&'()*)'+,",-,(+".

/,')*(0"1,+2"34"5"6678"9:78";7"<,=

>34"5"6;7"<,=

!"#

Neutralino LSP Pair

The LHC Status of the LHC Experiments Besides the Standard Model Top SUSY matters Engineering the Discovery Plan Wisdom from the Past

CMS status

CMS

Teilchenphysik - ubi es, cui prodes, quo vadis         DPG  Frühjahrstagung  Heidelberg  6. März 2007                                      S.Bethke    MPI für Physik, München 

!

LHC Tunnel (12/2005)

19

LHC

pp @ 14 TeV

27 km

Teilchenphysik - ubi es, cui prodes, quo vadis         DPG  Frühjahrstagung  Heidelberg  6. März 2007                                      S.Bethke    MPI für Physik, München 

!

21

CMS

CMS

proton

proton

neutralino

neutralino

Standard
Model

particles

The signal: 
jets + leptons + large ETmiss

D0CDF

Tevatron
pp @ 2 TeV

Collider Searches



  Frank D. Steffen   (Max-Planck-Institute for Physics, Munich) Dark Matter Computations 34

Warning

Things might turn out 
to be very different ...
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Extensions of the Standard Model

Peccei-Quinn Symmetry & Supersymmetry
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[Raffelt, ’06]
Bounds on the Peccei-Quinn Scale

Astrophysical Axion Bounds 15
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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 di!cult 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 ga!! , 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.

Astrophysical Axion Bounds

Bounds from Axion Searches
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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 di!cult 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 ga!! , 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.

Astrophysical Axion Bounds

Bounds from Axion Searches

Cosmological Axion Bounds
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and cosmological axion limits as dis-
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ity bars indicate the search ranges of
the CAST solar axion search and the
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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 di!cult 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 ga!! , 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.
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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 di!cult 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 ga!! , 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.

Astrophysical Axion Bounds

Bounds from Axion Searches

Cosmological Axion Bounds
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
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Axino LSP Case
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A. Freitas et al. / Physics Letters B 679 (2009) 270–277 271

if a standard thermal history is assumed.1 While TR ! 109 GeV
is required, e.g., by standard thermal leptogenesis with hierarchi-
cal right-handed neutrinos [21–25], we show in this work that
fa ! 3 ! 1012 GeV can be associated with restrictive BBN con-
straints due to the long-lived l̃1 LOSP and its potential to form
primordial bound states. In fact, we find that those BBN constraints
imply upper limits on fa and thereby new upper limits on TR.

We consider hadronic (or KSVZ) axion models [26,27] in a SUSY
setting [28]. In this class of models, the axino couples to the MSSM
particles only indirectly through loops of heavy KSVZ (s)quarks.
Thereby, the dominant 2-body decay of the l̃1 LOSP into the asso-
ciated lepton and the axino is described in leading order by 2-loop
diagrams [4,12]. Using a heavy mass expansion, we evaluate the
2-loop diagrams explicitly and obtain the decay width that gov-
erns the l̃1 lifetime !l̃1 . For a given thermal freeze-out yield of

negatively charged l̃"1 ’s, Yl̃"1
, our !l̃1 result allows us to infer the

BBN constraints associated with primordial 6Li and 9Be produc-
tion that can be catalyzed by l̃"1 -nucleus-bound-state formation
[29–31]. While BBN constraints were often assumed to play only a
minor role in the axino LSP case, we explore the ones from bound-
state effects explicitly and show that they impose new restrictive
limits on fa and TR.

Before proceeding, let us comment on axion physics. We as-
sume a cosmological scenario in which the spontaneous breaking
of the PQ symmetry occurs before inflation leading to TR < fa
so that no PQ symmetry restoration takes place during inflation
or in the course of reheating. Since axions are never in thermal
equilibrium for the large fa values considered, their relic density
"a is governed by the initial misalignment angle #i of the axion
field with respect to the CP-conserving position; cf. [6,9,32] and
references therein. With a su!ciently small #i being an option,
"a # "dm is possible even for fa as large as 1014 GeV. We as-
sume "a # "dm to keep the presented constraints conservative.

The remainder of this Letter is organized as follows. In the next
section we review the upper limits on TR imposed by "TP

ã " "dm

which provide our motivation to consider fa ! 3 ! 1012 GeV. Sec-
tion 3 presents the results for the l̃1 NLSP lifetime obtained from
our 2-loop calculation. Section 4 explores the BBN constraints from
l̃1-nucleus-bound-state formation. In Section 5, we show that those
BBN constraints imply new TR limits if the considered axino LSP
scenario is realized in nature. Analytic expressions that approx-
imate the obtained limits in a conservative way are derived in
Section 6.

2. Constraints on TR

Because of their extremely weak interactions, the temperature
T f at which axinos decouple from the thermal plasma in the early
Universe can be very high, e.g., T f ! 109 GeV for fa ! 1011 GeV
[5,33] or T f ! 1011 GeV for fa ! 1012 GeV [5]. Accordingly, axinos
decouple as a relativistic species in scenarios with TR > T f . The
resulting relic density is then insensitive to the precise value of
TR [33]: " therm

ã h2 $ mã/(2 keV). Moreover, " therm
ã " "dm implies

mã # 0.2 keV. For a scenario with " therm
ã $ "dm, this is in conflict

with large-scale structure which requires a smaller present free-
streaming velocity of axino dark matter and thereby mã ! 1 keV;

1 Depending on the model, the saxion — which is the bosonic partner of the
axino that appears in addition to the axion — can be a late decaying particle and
as such be associated with significant entropy production [17–20]. This could affect
cosmological constraints [16] including those considered in this work. Leaving a
study of saxion effects for future work, we assume in this Letter a standard thermal
history and thereby that those effects are negligible.

Fig. 1. Upper limits on the reheating temperature TR as a function of the axino
mass mã in scenarios with axino cold dark matter for fa = 1011, 1012, 1013, and
1014 GeV (as labeled). For (mã, TR) combinations within the gray bands, the ther-
mally produced axino density "TP

ã h2 is within the nominal 3$ range (1). For given
fa , the region above the associated band is disfavored by "TP

ã h2 > 0.126.

cf. Section 5.2 and Table 1 of Ref. [34]. Focussing on scenarios in
which axinos provide the dominant component of cold dark matter
with a negligible present free-streaming velocity, mã ! 100 keV,
we thus assume TR < T f in the remainder of this work.

In scenarios with TR < T f , axino dark matter can be produced
e!ciently in scattering processes of particles that are in thermal
equilibrium within the hot MSSM plasma [3,5,35,36]. The e!ciency
of this thermal axino production is sensitive to TR and fa and the
associated relic density reads [5]2

"TP
ã h2 $ 5.5g6s (TR) ln

!
1.211
gs(TR)

"!
1011 GeV

fa

"2

!
!

mã

0.1 MeV

"!
TR

107 GeV

"
(2)

with the strong coupling gs and the axion-model-dependent color
anomaly of the PQ symmetry absorbed into fa .3 Using hard ther-
mal loop (HTL) resummation together with the Braaten–Yuan pre-
scription [38], this expression has been derived within SUSY QCD
in a consistent gauge-invariant treatment that requires weak cou-
plings gs(TR) # 1 and thus high temperatures. Accordingly, (2)
is most reliable for T % 104 GeV [5].4 Note that we evalu-
ate gs(TR) = &

4%&s(TR) according to its 1-loop renormalization
group running within the MSSM from &s(mZ) = 0.1176 at mZ =
91.1876 GeV.

In Fig. 1, (mã, TR) regions in which the thermally produced ax-
ino density (2) is within the nominal 3$ range (1) are indicated
for fa values between 1011 GeV and 1014 GeV by gray bands (as
labeled). For given values of mã and fa , TR values above the corre-
sponding band are disfavored by "TP

ã > "dm; see also [3,5,7,15,16].
From (2) and Fig. 1, one can see that the viability of temperatures

2 We refer to TR as the initial temperature of the radiation-dominated epoch.
Relations to TR definitions in terms of the decay width of the inflaton field can be
established in the way presented explicitly for the G̃ LSP case in Ref. [37].
3 For the hadronic axion models considered below, the color anomaly is N = 1 so

that (2) applies directly, i.e., without the need to absorb N into the definition of fa .
4 For thermal axino production at lower temperatures, cf. [36].
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Probing axinos 
experimentally ???

If we are lucky ...
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FIG. 1: Upper limits on the reheating temperature TR as a
function of the axino mass mea in scenarios with axino cold
dark matter for fa = 1011, 1012, 1013, and 1014 GeV (as la-
beled). For (mea, TR) combinations within the gray bands, the
thermally produced axino density !TP

ea h2 is within the nom-
inal 3! range !3!

dmh2 = 0.105+0.021
!0.030 . For given fa, the region

above the associated band is disfavored by !TP
ea h2 > 0.126.

III. THE CHARGED SLEPTON LOSP CASE

While the TR limits discussed above are independent
of the LOSP, we turn now to the phenomenologically
attractive case in which the LOSP is a charged slepton
l̃1. To be specific, we focus on the !!1 LOSP case under
the simplifying assumption that the lighter stau is purely
‘right-handed,’ !!1 = !!R, which is a good approximation
at least for small tan ". Then, the !#0

1–!!1 coupling is dom-
inated by the bino coupling. For simplicity, we assume
also that the lightest neutralino is a pure bino: !#0

1 = !B.

In R-parity conserving settings in which the !!R LOSP
is the NLSP, its lifetime !e! is governed by the decay !!R !
!!a. In hadronic axion models, in which the MSSM fields
are PQ singlets, this decay is described in leading order
by 2-loop diagrams such as the ones shown in Fig. 2.

We consider SUSY hadronic axion models in which
the interaction of the axion multiplet ! with the heavy
KSVZ quark multiplets Q1 and Q2 is described by the
superpotential (FDS: CHECK FACTORS OF

"
2)

WPQ = y!Q1Q2 (3)

with the quantum numbers given in Table I and the
Yukawa coupling y. From the 2-component fields of Ta-
ble I, the 4-component fields describing the axino and the

TABLE I: The axion multiplet ", the heavy KSVZ quark mul-
tiplets Q1,2, and the associated quantum numbers considered
in this work.

chiral multiplet U(1)PQ (SU(3)c, SU(2)L)Y

" = " +
!

2#$ + F!$$ +1 (1, 1)0

Q1 = eQ1 +
!

2q1$ + F1$$ -1/2 (3, 1)+eQ

Q2 = eQ2 +
!

2q2$ + F2$$ -1/2 (3", 1)!eQ

heavy KSVZ quark are given respectively by

!a =

"
#

#̄

#

and Q =

"
q1

q̄2

#

. (4)

For the heavy KSVZ (s)quark masses, we use the SUSY
limit M eQ1,2

= MQ = y#$$ = yfa with both y and fa

taken to be real by field redefinitions. The phenomeno-
logical constraint fa ! 6 % 108 GeV [10–13] thus implies
a large mass hierarchy between the KSVZ (s)quarks and
the weak and the soft SUSY mass scales for y = O(1),

M eQ1,2
, MQ & mZ, mSUSY . (5)
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FIG. 2: Feynman diagrams of the dominant contributions to
the the stau NLSP decay e%R " %ea in a SUSY hadronic axion
model with one KSVZ quark Q = (q1, q̄2)

T and the associated

squarks eQ1,2. The considered quantum numbers are given in
Table I. For simplicity, the lightest neutralino is assumed to
be a pure bino e#0

1 = eB and the tau mass is neglected.
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Fig. 3. The lifetime of the !̃R NLSP, 1/" (!̃R ! ! ã) " !!̃ in relation to its mass m!̃ for
m2

ã/m
2
!̃ # 1, mB̃ = 1.1m!̃ , |eQ | = 1/3, y = 1, and fa values from 1010 to 1014 GeV.

For a stau yield Y !̃ given by (12), !!̃ values to the right of the nearly vertical solid
and dash-dotted (red) lines are disfavored by the constraints (18) and (17) on cat-
alyzed BBN (CBBN) of 9Be and 6Li, respectively [31]; see Section 4 for details. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this Letter.)

where # denotes the fine structure constant, mB̃ the bino mass,
and $W the weak mixing angle.5 However, all numerical results
shown in the plots below rest on the full calculation.6

It is interesting to note that the !̃R! ã vertex — governed by 2-
loop diagrams — is sensitive to the two large scales fa and MQ ;
cf. (11). In contrast, there appears only the scale fa in the vertices
— governed by 1-loop diagrams — that describe the interactions of
axions/axinos with photons, gluons, and gluinos mentioned above.

In Fig. 3 our result of the full leading term for 1/" (!̃R ! ! ã) "
!!̃ and its relation to m!̃ is illustrated for m2

ã/m
2
!̃ # 1, mB̃ = 1.1m!̃ ,

|eQ | = 1/3, and y = 1. The considered fa values are between 1010

and 1014 GeV.
The results show that " (!̃R ! ! ã) is largely governed by the

LL part (11). Comparing Eq. (11) with the full expression [40] (see
also Fig. 3), we estimate that it gives the total width "

!̃R
tot and

thereby the !̃R lifetime !!̃ = 1/" !̃R
tot to within 10% to maximally

15%, depending on the values of fa and m!̃ .
One can see that fa ! 1012 GeV is associated with !!̃ > 1s for

m!̃ " 1 TeV, i.e., for the m!̃ range that would be accessible at the
LHC. Accordingly, BBN constraints on axino LSP scenarios with the
stau NLSP can become important as will be discussed explicitly be-
low. Note that not only the LL part (11) but the full leading term is
strongly sensitive to the electric charge of the heavy KSVZ fields:
" (!̃R ! ! ã) $ e4Q . With respect to the case in Fig. 3, !!̃ is thus re-
duced by a factor of 81 (16) for |eQ | = 1 (2/3). On the other hand,
if eQ = 0, the decay of the !̃ NLSP will require 4-loop diagrams in-

5 We use # = #MS(mZ) = 1/129 [41] and sin2 $W = 1%m2
W /m2

Z = 0.2221.
6 Note that the 3-body decay !̃R ! ! ã% occurs already at the 1-loop level. The

corresponding amplitude however is not enhanced by ln(yfa/
&
2m!̃ ) which can be

as large as 20.4–27.3 for m!̃ /y = 100 GeV and fa = 1011–1014 GeV. In fact, the
branching ratio of !̃R ! ! ã% stays below about 3% once both the energy of the
photon E% and its opening angle $ with respect to the ! direction are required
to be not too small. Those cuts are needed because of an infrared and a collinear
divergence for E% ! 0 and $ ! 0, respectively, which would be canceled by the
virtual 3-loop correction to the 2-body decay channel [40].

volving gluons, gluinos, and ordinary (s)quarks, which would thus
lead to significantly larger lifetimes than in Fig. 3.

Let us compare our result with the one for " (!̃R ! ! ã) that
had been obtained in [12] with an effective theory in which the
heavy KSVZ (s)quark loop was integrated out, i.e., by using the
method described in [42]. There, the logarithmic divergences were
regulated with the cut-off fa , and only dominant contributions
were kept. While the dependence on the quantum numbers of
the KSVZ (s)quarks was absorbed into the constant CaYY , the un-
certainty associated with this cut-off procedure was expressed in
terms of a mass scale m and a factor & in Ref. [12]. Our 2-loop cal-
culation allows us to make direct connection with the parameters
of the underlying model. In particular, we find from (11) that one
must set CaYY = 6e2Q , & = 1, and m =

&
2m!̃ /y. Assuming y " 1, to

avoid non-perturbative heavy (s)quark dynamics, this implies that
the scale m cannot be significantly smaller than m!̃ , which is an
important result of the full 2-loop calculation. Furthermore, the
non-LL part can account, as mentioned, for up to 15% of the decay
rate.

In the early Universe, the stau LOSP decouples as a WIMP be-
fore its decay into the axino LSP. The thermal relic stau abundance
prior to decay then depends on details of the SUSY model such
as the mass splitting among the lightest Standard Model super-
partners [43] or the left–right mixing of the stau LOSP [44,45].
However, focussing on the !̃R LOSP setting, we work with the typ-
ical thermal freeze out yield described by

Y !̃ ' n!̃R

s
= 2Y !̃%

R
( 0.7) 10%12

! ml̃1

1 TeV

"
, (12)

where s denotes the entropy density and n!̃R the total !̃R number
density for an equal number density of positively and negatively
charged !̃R’s. This approximation (12) agrees with the curve in
Fig. 1 of Ref. [43] derived for mB̃ = 1.1m!̃ and for m!̃ significantly
below the masses of the lighter selectron and the lighter smuon.

Since each stau NLSP decays into one axino LSP, the thermal
relic stau abundance leads to a non-thermally produced (NTP) ax-
ino density [1–4]

'NTP
ã h2 =mãY !̃ s(T0)h2/(c, (13)

where (c/[s(T0)h2] = 3.6 ) 10%9 GeV [8]. For Y !̃ given by (12),
'NTP

ã h2 is within the nominal 3) range (1) for (mã,m!̃ ) com-
binations indicated by the gray band in Fig. 4. While m!̃ values
above this band are disfavored by 'NTP

ã > 'dm, 'NTP
ã is only a

minor fraction (" 1%) of 'dm for mã " 1 GeV and m!̃ " 5 TeV.
For mã " 1 GeV, the TR limits shown in Fig. 1 will thus shift only
marginally by taking 'NTP

ã into account.

4. CBBN constraints

The presence of negatively charged !̃%
R ’s at cosmic times of

t > 103 s can allow for primordial 6Li and 9Be production via the
formation of (4He!̃%

R ) and (8Be!̃%
R ) bound states. Indeed, depend-

ing on the lifetime !!̃ and the abundance Y !̃%
R

= Y !̃ /2, the follow-

ing catalyzed BBN (CBBN) reactions can become e!cient [29–31]7

#4He!̃%
R

$
+ D ! 6Li+ !̃%

R , (14)
4He+

#4He!̃%
R

$
!

#8Be!̃%
R

$
+ % , (15)

#8Be!̃%
R

$
+ n ! 9Be + !̃%

R . (16)

7 The large 9Be-production cross section reported and used in Refs. [30,31] has
recently been questioned by Ref. [46], in which a study based on a four-body model
is announced as work in progress to clarify the e!ciency of 9Be production.

272 A. Freitas et al. / Physics Letters B 679 (2009) 270–277

Table 1
The axion multiplet ! , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

Chiral multiplet U(1)PQ (SU(3)c,SU(2)L)Y

! = " +
√
2#$ + F!$$ +1 (1,1)0

Q 1 = Q̃ 1 +
√
2q1$ + F1$$ −1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
√
2q2$ + F2$$ −1/2 (3∗,1)−eQ

above 109 GeV points to fa > 3 × 1012 GeV if one insists on cold
axino dark matter, mã ! 100 keV, providing the dominant compo-
nent of %dm. Those fa values and mã " 1 GeV are thereby favored
by the viability of standard thermal leptogenesis with hierarchical
right-handed neutrinos [21–25].

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the &̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, &̃1 = &̃R, which is a good approxima-
tion at least for small tan' . The #̃0

1 –&̃1 coupling is then dominated
by the bino coupling. For further simplicity, we also assume that
the lightest neutralino is a pure bino: #̃0

1 = B̃ .
We consider SUSY hadronic axion models in which the interac-

tion of the axion multiplet ! with the heavy KSVZ quark multi-
plets Q 1 and Q 2 is described by the superpotential

WPQ = y!Q 1Q 2 (3)

with the quantum numbers given in Table 1 and the Yukawa cou-
pling y. From the 2-component fields of Table 1, the 4-component
fields describing the axino and the heavy KSVZ quark are given,
respectively, by

ã =
!

#

#̄

"
and Q =

!
q1
q̄2

"
. (4)

For the heavy KSVZ (s)quark masses, we use the SUSY limit
MQ̃ 1,2

= MQ = y〈"〉 = yfa/
√
2 with both y and fa taken to be

real by field redefinitions. The phenomenological constraint fa !
6 × 108 GeV [8–11] thus implies a large mass hierarchy between
the KSVZ (s)quarks and the weak and the soft SUSY mass scales
for y = O(1),

MQ̃ 1,2
,MQ 'mZ,mSUSY. (5)

Before proceeding, let us recall axion and axino interactions
to clarify the definition of fa =

√
2〈"〉 in the considered mod-

els. By integrating out the heavy KSVZ (s)quarks, axion–gluon and
axion–photon interactions are obtained as described by the effec-
tive Lagrangians

Lagg = g2s
32(2 fa

aGa
µ) G̃

aµ) , (6)

La* * = e2Ca* *

32(2 fa
aFµ) F̃µ) , (7)

where Ga
µ) and Fµ) are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
µ) =

+µ),- Ga ,- /2 and F̃µ) = +µ),- F,- /2; e2 = 4(.. After chiral
symmetry breaking,

Ca* * = 6e2Q − 2
3
4+ z
1+ z

(8)

Fig. 2. Feynman diagrams of the dominant contributions to the stau NLSP decay
&̃R → & ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino #̃0

1 = B̃ and the
tau mass is neglected.

for the models described by (3) and Table 1, where z = mu/md )
0.56 denotes the ratio of the up and down quark masses. The cor-
responding interactions of axinos with gluons and gluinos g̃ are
obtained as described by

Lã g̃ g = i
g2s

64(2 fa
¯̃a*5

#
* µ,* )$

g̃aGa
µ) (9)

and as used in the derivation of (2).
In R-parity conserving settings in which the &̃R LOSP is the

NLSP, its lifetime &&̃ is governed by the decay &̃R → & ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay &̃R → & ã
are shown in Fig. 2. Since m& *m&̃ , we work in the limit m& → 0.
The decay amplitude depends on the parameters of the heavy
(s)quark sector through their masses MQ = yfa/

√
2, the Yukawa

coupling y, and the gauge couplings eeQ . In fact, in the calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is su!cient to calculate the leading term
of the amplitude ∝ 1/ fa since the sub-leading terms (∝ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by

/
&̃R
tot ≈ / (&̃R → & ã)LL (10)

=
81.4e4Q

128(5 cos8 $W

m&̃m2
B̃

f 2a

!
1−

m2
ã

m2
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"2

ln2
!

yfa√
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"
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Table 1
The axion multiplet ! , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

Chiral multiplet U(1)PQ (SU(3)c,SU(2)L)Y

! = " +
!
2#$ + F!$$ +1 (1,1)0

Q 1 = Q̃ 1 +
!
2q1$ + F1$$ "1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
!
2q2$ + F2$$ "1/2 (3#,1)"eQ

above 109 GeV points to fa > 3 $ 1012 GeV if one insists on cold
axino dark matter, mã ! 100 keV, providing the dominant compo-
nent of %dm. Those fa values and mã " 1 GeV are thereby favored
by the viability of standard thermal leptogenesis with hierarchical
right-handed neutrinos [21–25].

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the &̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, &̃1 = &̃R, which is a good approxima-
tion at least for small tan' . The #̃0

1 –&̃1 coupling is then dominated
by the bino coupling. For further simplicity, we also assume that
the lightest neutralino is a pure bino: #̃0

1 = B̃ .
We consider SUSY hadronic axion models in which the interac-

tion of the axion multiplet ! with the heavy KSVZ quark multi-
plets Q 1 and Q 2 is described by the superpotential

WPQ = y!Q 1Q 2 (3)

with the quantum numbers given in Table 1 and the Yukawa cou-
pling y. From the 2-component fields of Table 1, the 4-component
fields describing the axino and the heavy KSVZ quark are given,
respectively, by

ã =
!

#

#̄

"
and Q =

!
q1
q̄2

"
. (4)

For the heavy KSVZ (s)quark masses, we use the SUSY limit
MQ̃ 1,2

= MQ = y%"& = yfa/
!
2 with both y and fa taken to be

real by field redefinitions. The phenomenological constraint fa !
6 $ 108 GeV [8–11] thus implies a large mass hierarchy between
the KSVZ (s)quarks and the weak and the soft SUSY mass scales
for y = O(1),

MQ̃ 1,2
,MQ 'mZ,mSUSY. (5)

Before proceeding, let us recall axion and axino interactions
to clarify the definition of fa =

!
2%"& in the considered mod-

els. By integrating out the heavy KSVZ (s)quarks, axion–gluon and
axion–photon interactions are obtained as described by the effec-
tive Lagrangians

Lagg = g2s
32(2 fa

aGa
µ) G̃

aµ) , (6)

La* * = e2Ca* *

32(2 fa
aFµ) F̃µ) , (7)

where Ga
µ) and Fµ) are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
µ) =

+µ),- Ga ,- /2 and F̃µ) = +µ),- F,- /2; e2 = 4(.. After chiral
symmetry breaking,

Ca* * = 6e2Q " 2
3
4+ z
1+ z

(8)

Fig. 2. Feynman diagrams of the dominant contributions to the stau NLSP decay
&̃R ( & ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino #̃0

1 = B̃ and the
tau mass is neglected.

for the models described by (3) and Table 1, where z = mu/md )
0.56 denotes the ratio of the up and down quark masses. The cor-
responding interactions of axinos with gluons and gluinos g̃ are
obtained as described by

Lã g̃ g = i
g2s

64(2 fa
¯̃a*5

#
* µ,* )$

g̃aGa
µ) (9)

and as used in the derivation of (2).
In R-parity conserving settings in which the &̃R LOSP is the

NLSP, its lifetime &&̃ is governed by the decay &̃R ( & ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay &̃R ( & ã
are shown in Fig. 2. Since m& *m&̃ , we work in the limit m& ( 0.
The decay amplitude depends on the parameters of the heavy
(s)quark sector through their masses MQ = yfa/

!
2, the Yukawa

coupling y, and the gauge couplings eeQ . In fact, in the calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is su!cient to calculate the leading term
of the amplitude + 1/ fa since the sub-leading terms (+ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by

/
&̃R
tot , / (&̃R ( & ã)LL (10)

=
81.4e4Q
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Table 1
The axion multiplet ! , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

Chiral multiplet U(1)PQ (SU(3)c,SU(2)L)Y

! = " +
!
2#$ + F!$$ +1 (1,1)0

Q 1 = Q̃ 1 +
!
2q1$ + F1$$ "1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
!
2q2$ + F2$$ "1/2 (3#,1)"eQ

above 109 GeV points to fa > 3 $ 1012 GeV if one insists on cold
axino dark matter, mã ! 100 keV, providing the dominant compo-
nent of %dm. Those fa values and mã " 1 GeV are thereby favored
by the viability of standard thermal leptogenesis with hierarchical
right-handed neutrinos [21–25].

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the &̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, &̃1 = &̃R, which is a good approxima-
tion at least for small tan' . The #̃0

1 –&̃1 coupling is then dominated
by the bino coupling. For further simplicity, we also assume that
the lightest neutralino is a pure bino: #̃0

1 = B̃ .
We consider SUSY hadronic axion models in which the interac-

tion of the axion multiplet ! with the heavy KSVZ quark multi-
plets Q 1 and Q 2 is described by the superpotential

WPQ = y!Q 1Q 2 (3)

with the quantum numbers given in Table 1 and the Yukawa cou-
pling y. From the 2-component fields of Table 1, the 4-component
fields describing the axino and the heavy KSVZ quark are given,
respectively, by

ã =
!

#

#̄

"
and Q =

!
q1
q̄2

"
. (4)

For the heavy KSVZ (s)quark masses, we use the SUSY limit
MQ̃ 1,2

= MQ = y%"& = yfa/
!
2 with both y and fa taken to be

real by field redefinitions. The phenomenological constraint fa !
6 $ 108 GeV [8–11] thus implies a large mass hierarchy between
the KSVZ (s)quarks and the weak and the soft SUSY mass scales
for y = O(1),

MQ̃ 1,2
,MQ 'mZ,mSUSY. (5)

Before proceeding, let us recall axion and axino interactions
to clarify the definition of fa =

!
2%"& in the considered mod-

els. By integrating out the heavy KSVZ (s)quarks, axion–gluon and
axion–photon interactions are obtained as described by the effec-
tive Lagrangians

Lagg = g2s
32(2 fa

aGa
µ) G̃

aµ) , (6)

La* * = e2Ca* *

32(2 fa
aFµ) F̃µ) , (7)

where Ga
µ) and Fµ) are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
µ) =

+µ),- Ga ,- /2 and F̃µ) = +µ),- F,- /2; e2 = 4(.. After chiral
symmetry breaking,

Ca* * = 6e2Q " 2
3
4+ z
1+ z

(8)

Fig. 2. Feynman diagrams of the dominant contributions to the stau NLSP decay
&̃R ( & ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino #̃0

1 = B̃ and the
tau mass is neglected.

for the models described by (3) and Table 1, where z = mu/md )
0.56 denotes the ratio of the up and down quark masses. The cor-
responding interactions of axinos with gluons and gluinos g̃ are
obtained as described by

Lã g̃ g = i
g2s

64(2 fa
¯̃a*5

#
* µ,* )$

g̃aGa
µ) (9)

and as used in the derivation of (2).
In R-parity conserving settings in which the &̃R LOSP is the

NLSP, its lifetime &&̃ is governed by the decay &̃R ( & ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay &̃R ( & ã
are shown in Fig. 2. Since m& *m&̃ , we work in the limit m& ( 0.
The decay amplitude depends on the parameters of the heavy
(s)quark sector through their masses MQ = yfa/

!
2, the Yukawa

coupling y, and the gauge couplings eeQ . In fact, in the calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is su!cient to calculate the leading term
of the amplitude + 1/ fa since the sub-leading terms (+ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by

/
&̃R
tot , / (&̃R ( & ã)LL (10)
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Table 1
The axion multiplet ! , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

Chiral multiplet U(1)PQ (SU(3)c,SU(2)L)Y

! = " +
!
2#$ + F!$$ +1 (1,1)0

Q 1 = Q̃ 1 +
!
2q1$ + F1$$ "1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
!
2q2$ + F2$$ "1/2 (3#,1)"eQ

above 109 GeV points to fa > 3 $ 1012 GeV if one insists on cold
axino dark matter, mã ! 100 keV, providing the dominant compo-
nent of %dm. Those fa values and mã " 1 GeV are thereby favored
by the viability of standard thermal leptogenesis with hierarchical
right-handed neutrinos [21–25].

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the &̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, &̃1 = &̃R, which is a good approxima-
tion at least for small tan' . The #̃0

1 –&̃1 coupling is then dominated
by the bino coupling. For further simplicity, we also assume that
the lightest neutralino is a pure bino: #̃0

1 = B̃ .
We consider SUSY hadronic axion models in which the interac-

tion of the axion multiplet ! with the heavy KSVZ quark multi-
plets Q 1 and Q 2 is described by the superpotential

WPQ = y!Q 1Q 2 (3)

with the quantum numbers given in Table 1 and the Yukawa cou-
pling y. From the 2-component fields of Table 1, the 4-component
fields describing the axino and the heavy KSVZ quark are given,
respectively, by

ã =
!

#

#̄

"
and Q =

!
q1
q̄2

"
. (4)

For the heavy KSVZ (s)quark masses, we use the SUSY limit
MQ̃ 1,2

= MQ = y%"& = yfa/
!
2 with both y and fa taken to be

real by field redefinitions. The phenomenological constraint fa !
6 $ 108 GeV [8–11] thus implies a large mass hierarchy between
the KSVZ (s)quarks and the weak and the soft SUSY mass scales
for y = O(1),

MQ̃ 1,2
,MQ 'mZ,mSUSY. (5)

Before proceeding, let us recall axion and axino interactions
to clarify the definition of fa =

!
2%"& in the considered mod-

els. By integrating out the heavy KSVZ (s)quarks, axion–gluon and
axion–photon interactions are obtained as described by the effec-
tive Lagrangians

Lagg = g2s
32(2 fa

aGa
µ) G̃

aµ) , (6)

La* * = e2Ca* *

32(2 fa
aFµ) F̃µ) , (7)

where Ga
µ) and Fµ) are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
µ) =

+µ),- Ga ,- /2 and F̃µ) = +µ),- F,- /2; e2 = 4(.. After chiral
symmetry breaking,

Ca* * = 6e2Q " 2
3
4+ z
1+ z

(8)

Fig. 2. Feynman diagrams of the dominant contributions to the stau NLSP decay
&̃R ( & ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino #̃0

1 = B̃ and the
tau mass is neglected.

for the models described by (3) and Table 1, where z = mu/md )
0.56 denotes the ratio of the up and down quark masses. The cor-
responding interactions of axinos with gluons and gluinos g̃ are
obtained as described by

Lã g̃ g = i
g2s

64(2 fa
¯̃a*5

#
* µ,* )$

g̃aGa
µ) (9)

and as used in the derivation of (2).
In R-parity conserving settings in which the &̃R LOSP is the

NLSP, its lifetime &&̃ is governed by the decay &̃R ( & ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay &̃R ( & ã
are shown in Fig. 2. Since m& *m&̃ , we work in the limit m& ( 0.
The decay amplitude depends on the parameters of the heavy
(s)quark sector through their masses MQ = yfa/

!
2, the Yukawa

coupling y, and the gauge couplings eeQ . In fact, in the calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is su!cient to calculate the leading term
of the amplitude + 1/ fa since the sub-leading terms (+ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by
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[from P. Zalewski’s Talk, SUSY 2007]
Piotr Zalewski, SUSY07, Karlsruhe, 2007/07/28 Search for GMSB NLSPs at LHC p. 3/21
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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 di!cult 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 ga!! , 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.

Is the value of 
the Peccei-Quinn scale

inferred from axino 
searches consistent

with astrophysical axion 
bounds and results from

axion searches?
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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 di!cult 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 ga!! , 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.

Is the value of 
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inferred from axino 
searches consistent

with astrophysical axion 
bounds and results from

axion searches?

Agreement between
Axion & Axino Searches

Strong Hint for the
Axino LSP
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[Raffelt, ’06]
Bounds on the Peccei-Quinn Scale

Astrophysical Axion Bounds 15
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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 di!cult 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 ga!! , 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.

Is the value of 
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inferred from axino 
searches consistent
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bounds and results from

axion searches?

Agreement between
Axion & Axino Searches

Strong Hint for the
Axino LSP

Axion DM & Axino DM
might coexist!
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Extensions of the Standard Model

Peccei-Quinn Symmetry & Supersymmetry

Extremely Weakly Interacting Particles (EWIPs)

Axions Axinos Gravitinos

spin

mass

int.

0 1/2 3/2

eV-TeV<10 meV ?

∝(p/fa)n ∝(p/fa)n ∝(p/MPl)n

fa >109 GeV MPl =2.4 x1018 GeVfa >109 GeV
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t
T

a

radiation dominated mat. dom. Λ dom.
ρrad∝ a-4 ρmat∝ a-3 ρΛ∝ a0

t0=14 Gy

T0=2.73 K1eV1 MeV
1s 100.000 y

BBN LHC

inflation

slow
roll

reheat
phase

ρϕ∝ a0

1. Introduction

Inflation
 : a phase of the exponential expansion.

solves the horizon and flatness 
problems.

explains the origin of 
the density fluctuations.

 Slow-roll inflation       

Guth, `81

V
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

e!0
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 e" prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ! warm + e" collection

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

BBN

CMB

# rays

Gravitino Dark Matter from NLSP Decays

NLSP Freeze out !" Thermal NLSP Abundance: YNLSP =
!
nequil

NLSP/s
"

TF

NLSP Decay: NLSP !" #G + X

!NTP
eG h2 =

m eG YNLSP h2

!c/s(T0)

=
! m eG

100 GeV

" $
YNLSP

3.7 # 10!11

%

=

$
m eG

mNLSP

%
!NLSPh2

[Covi, Kim, Roszkowski, ’99]

NLSP = Stau #" :!" !NTP
eG h2 $ 0.002

! me!

100 GeV

"! m eG
100 GeV

"

NLSP $ Bino #B:!" !NTP
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

CνB CMB
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

e!0
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 e" prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ! warm + e" collection

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

BBN

CMB

# 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
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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

+

g
a

g
b

g
c

a

g
c

+

g
a

g
b

g
c

a

g
a

g
a

g
b

g
c

a

g
b

• G: qi + g̃a ! qj + eG qi

g
a

qj

a

g
a

• H: q̃i + g̃a ! q̃j + eG qi

g
a

qj

a

g
a

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

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

LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

e!0
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 e" prod. at colliders (LHC, ILC, ...)

extremely weak NLSP decays ! warm + e" collection

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

BBN

CMB

# rays

...

Very Early Hot Universe

T ~ 107 GeV

24

Thermal Gravitino 
Production
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Gravitino LSP Case
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Thermal !G Production !! NLSP ! !G + !
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[...; Bolz, Brandenburg, Buchmüller, ’01]

[Pradler, FDS, ’06]

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

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

35

[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]



  Frank D. Steffen   (Max-Planck-Institute for Physics, Munich) Dark Matter Computations 56

Probing gravitinos 
experimentally ???

If we are lucky ...
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Thermal !G Production !! NLSP ! !G + !

10 20 50 100 200 500 1000

100

200

500

1000

2000

5000

10 20 50 100 200 500 1000

100

200

500

1000

2000

5000

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

[Pradler, FDS, ’06]

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

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

long-lived NLSP
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Signatures of Gravitinos in Experiments

– Direct Detection of !G

– Direct Production of !G

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

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

proton proton

stau

stau

particle detectorLHC
2010

stau

stau

additional
detector
material

ILC

electron positron

 gravitino
tau

particle detector20??

tau
photon

gravitino

“stable” charged sparticles long-lived charged sparticles* *
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Summary - Well-motivated DM Candidates
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Summary - Well-motivated DM Candidates

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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Summary - Well-motivated DM Candidates
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Scenario I - Axion CDM (+ SUSY DM)

Conclusion
events

events
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Scenario I - Axion CDM (+ SUSY DM)

Conclusion
events

events

still viable
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Scenario 2 - WIMP DM (+ Axion DM)

Conclusion
events

events
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Scenario 2 - WIMP DM (+ Axion DM)

Conclusion
events

still viable

events
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Scenario 3 - EWIP DM (+ Axion DM)

Conclusion
events

events

events
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Scenario 3 - EWIP DM (+ Axion DM)

Conclusion
events

still viable

still viable

events

events
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Conclusion

To clarify the (particle ?) identity 
of dark matter,

it will be crucial to have 
experimental & obs. data from the 
many complementary approaches:

direct, indirect & collider dm searches


