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What are the fundamental 
constituents of matter?

What is the energy budget 
of the Universe?
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Cosmology

 smallest scales
Particle Physics

Frank Daniel Steffen EXPLORE-EWIP 11
Wednesday, September 11, 13

Standard Model
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ESA
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particles

dark energy

dark 
matter

What is the particle 
identity and origin 
  of dark matter?

mH=126 GeV
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Dark Matter in Cosmology and at Colliders

Particle Physics

• 2012: LHC Higgs-boson discovery

• Intrinsic fine tuning problems

   ? Hierarchy Problem (mH << MPlanck)

   ? Strong CP Problem  (ΘQCD << 1)

   ? Small Neutrino Masses (mν << mH)

mH = 126 GeV

➔ Physics beyond the Standard Model

Cosmology

68%

27%5%

Standard
particles

dark energy

dark matter

• 2013: Planck CMB sky map

• Cosmological puzzles

   ? Matter-Antimatter Asymmetry

   ? Particle Identity & Origin of Dark Matter

   ? Dark Energy = Cosmological Constant
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• stable or lifetime well above 

the age of our Universe 

• electrically neutral

• clusters 

• cold / warm

• dissipationless 

• color neutral

Properties of Dark Matter
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Dark matter

➔ Particle Identity of Dark Matter

galaxies - rotation velocities galaxy clusters - gravitational lensing large scale structure

68%

27%5%
standard
particles

dark energy

dark 
matter
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Dark Matter Candidates

WIMP  - Weakly Interacting Massive Particle

EWIP - Extremely Weakly Interacting Particle

WIMP miracle

axion condensate

thermally produced EWIP DM19 Mar 05 Feng 10

THERMAL RELICS

(1) Initially, DM is in   

thermal equilibrium: 

!! !" f f

(2) Universe cools:

N = NEQ ~ e#m/T

(3) !s “freeze out”:

N ~ const

(1)

(2)

(3)

$DM ~ 0.1 (%weak / %A) – just right for new weak scale particles!

freeze out
m/Tf ~ 20

eq.
$DM!

0.2 pb
"anni

"anni ! 1 pb leads to the correct dark matter abundance. 
Fermi-scale annihilation 

cross section

6

QCD processes
in the hot early Universe
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TD >> T: X is never in th. eq. with the prim. plasma

but thermally produced 

7

Cosmic Relic Abundances

• TR > TD:  1+2       3+X

• TR > TD:  1+2       3+X

T > TD: X in thermal eq. with the primordial plasma

T ~ TD: X decouples as a thermal relic 

Boltzmann eq.

collision term

decoupling temp. of X
reheating temp.

B. eq.)(
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Thermal EWIP DM production in the hot early Universe 
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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

 : 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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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

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

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

eG
“

p
MPl

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

extremely weak NLSP decays ← warm + eτ collection

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

BBN

CMB

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

[Pradler, FDS, ’06]

[Rychkov, Strumia, ’07] (gauge dep.)

Thermal Gravitino Production in SUSY QCD
• A: ga + gb → g̃c + eG
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• B: ga + g̃b → gc + eG (crossing of A)

• C: q̃i + ga → q̃j + eG qi
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• D: ga + qi → q̃j + eG (crossing of C)
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iq + qj → ga + eG (crossing of C)
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• G: qi + g̃a → qj + eG qi
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• H: q̃i + g̃a → q̃j + eG qi

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

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

LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

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

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

eG
“

p
MPl

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

extremely weak NLSP decays ← warm + eτ collection

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

BBN

CMB

γ rays

...

Very Early Hot Universe

T ~ 107 GeV

24

Thermal Gravitino 
Production

[A] EWIP production in the early Universe

gravitino 

? TR = 109 GeV ?
initial temperature 

dark
matter

68%

27%5%
standard
particles

dark energy

G~
G~

today

7

QCD
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LSP Dark Matter: Production, Constraints, Experiments
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Thermal Axion 
Production

a

2

Process A: ga + gb → gc + a

+

gb

ga

gc

a

+

gb

ga
a

gc

ga

gb gc

a

+

gb

ga

gc

a

Process B: qi + q̄j → ga + a

qi

q̄j

a

ga

Process C: qi + ga → qj + a (crossing of B)

FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
= E

dWa

d3p

∣∣∣∣
soft

+ E
dWa

d3p

∣∣∣∣
hard

, (3)

which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion

g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.

self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p

∣∣∣∣
soft

= −
fB(E)

(2π)3
ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
PQ

[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
dWa

d3p

∣∣∣∣
hard

=
1

2(2π)3

∫
dΩp

4π

∫



3∏

j=1

d3pj
(2π)32Ej





× (2π)4δ4(P1 + P2 − P3 − P )Θ(k − kcut)

×
∑

f1(E1)f2(E2)[1± f3(E3)]|M1+2→3+a|2 (6)

= E
g6s(N

2
c − 1)

512π7f2
PQ

{
nf

fB(E)T 3

48π
ln(2)

+
(
Nc +

nf

2

) fB(E)T 3

48π

[
ln

(
T 2

k2cut

)
+

17

3
− 2γ +

2ζ′(2)

ζ(2)

]

+Nc(I
(1)
BBB − I(3)BBB) + nf (I

(1)
FBF + I(3)FFB)

}
(7)

with Euler’s constant γ, Riemann’s zeta function ζ(z),

I(1)BBB(FBF) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE1 ln

(
|E1 − E3|

E3

)

×
{
−Θ(E1 − E3)

d

dE1

[
fBBB(FBF)

E2
2

E2
(E2

1 + E2
3 )

]

+Θ(E3 − E1)
d

dE1
[fBBB(FBF)(E

2
1 + E2

3 )]

+Θ(E − E1)
d

dE1

[
fBBB(FBF)

(
E2

1E
2
2

E2
− E2

3

)]}
, (8)
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Creation of Cosmological Axions

T ~ fa (very early universe)

• UPQ(1) spontaneously broken

• Higgs field settles in 
“Mexican hat”

• Axion field sits fixed at

a1 = !1 fa

a

V(a)

a

V(a)

!=0
_

T ~ 1 GeV (H ~ 10"9 eV)

• Axion mass turns on quickly
by thermal instanton gas

• Field starts oscillating when
ma ! 3H

• Classical field oscillations
(axions at rest)

• Axion number density in comoving volume conserved

• Axion mass density today:
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Gauge Couplings Gaugino Mass Parameters
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Gauge Coupling Unification at MGUT ! 2 × 1016 GeV

(Super-) Gravity

Dark Matter

Hierarchy Stabilization

Gauge Coupling Unification

Consistent String Theory

Extension of Space-Time Symmetry

Why Supersymmetry?
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Conservation of R-Parity

• superpotential: WMSSM ← W∆L + W∆B

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

• postulate conservation of R-Parity ← multiplicative quantum number

PR = (−1)3(B−L)+S =





+1 for SM, Hu, Hd

−1 for X̃ ← superpartners

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

SM1

SUSY

SM2R-ParitySM

SUSY1

SUSY2

R-Parity

12

2

R-Parity Conservation
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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

 : 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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Standard Thermal History of the Universe



SteffenAxions etc. 14

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

 : 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

  Frank D. Steffen   (Max-Planck-Institute of Physics, Munich) Cosmology, Supersymmetry, and the LHC 6

Contents

75%

20%5%

Standard
Model 

particles

dark energy

dark matter

The Standard Model of particle physics 
CANNOT explain 99.995% 

of the energy content of the Universe

!! = 0.005 %

!B = 4 %

0.1 % " !" "1.5 %

photons

baryons

neutrinos

? baryon asymmetry ?

? neutrino mass ?

dark energy

!DE = 75 %

? vacuum energy ?

dark matter

!DM = 20 %

? identity ?

a

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

χ̃0
1 LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

weak freeze out neutralino pair annihilation

eχ0
1 eχ0

1 → SM1 SM2

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

elastic neutralino scattering

eχ0
1 A → eχ0

1 A

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

neutralino pair production

p p → eχ0
1 eχ0

1 ... (Tevatron, LHC)

e+ e− → eχ0
1 eχ0

1 ... (ILC)

[Talk by Manuel Drees]

Ωeχ0
1

= ΩDM is possible!!!

(? natural ?)

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

Frank Daniel Steffen Review

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

2 Neutralino Dark Matter

The lightest neutralino χ̃0
1 appears already in the min-

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

u and H̃0
d . Accordingly, χ̃0

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

1
de-

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

1
= O(100 GeV), χ̃0

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

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

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

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

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

< meχ0
1

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

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

1
< meτ1

(meτ1
< meχ0

1
). The

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

are excluded respectively by the mass bounds m
eχ±
1

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

1
=

O(100 GeV) appears naturally within the CMSSM.

2.1 Primordial Origin

The χ̃0
1’s were in thermal equilibrium for primordial

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

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

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

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

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

1
< meτ1

(meτ1
< meχ0

1
). The medium gray and the light

gray regions show the LEP bounds m
eχ±
1

> 94 GeV and

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

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

their yield Yeχ0
1
≡ neχ0

1
/s is given by Y dec

eχ0
1

≈ Y eq
eχ0
1

(Tf),

where n(eq)
eχ0
1

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

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

1 decoupling, Y dec
eχ0
1

is very sen-

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

The Y dec
LOSP contours shown by the solid black lines

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

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

Ωeχ0
1
h2 = meχ0

1
Y dec

eχ0
1

s(T0)h2/ρc (3)

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

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

1
h2 ≤ 0.138.

Remarkably, it is exactly the small width of the
Ωeχ0

1
= Ωdm regions which could help us to identify

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

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

1
is possible

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

1
with respect to the

SUSY model, an agreement of the obtained Ωeχ0
1

with
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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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about the power to high-energy physics measurements to
restrict the properties of dark matter.

A. Mechanisms of neutralino annihilation

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

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

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

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

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

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

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

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

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

103521-11

[see Baltz, Battaglia, Peskin, Wizansky, ’06]

Neutralino LSP Case

no colored sparticles involved

N
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χ̃0
1 LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

weak freeze out neutralino pair annihilation

eχ0
1 eχ0

1 → SM1 SM2

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

elastic neutralino scattering

eχ0
1 A → eχ0

1 A

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

neutralino pair production

p p → eχ0
1 eχ0

1 ... (Tevatron, LHC)

e+ e− → eχ0
1 eχ0

1 ... (ILC)

[Talk by Manuel Drees]

Ωeχ0
1

= ΩDM is possible!!!

(? natural ?)

Neutralino

Neutralino

energetische
kosmische
Strahlung

[a] [b]

[c]

[f][e]

Neutralino

Atomkern

Wärme

Rückstoß

Proton

Proton

Neutralino

Neutralino

Standard-
modell-
teilchen

MAGIC

ATLAS

[d]

CRESST

promising experimental prospects
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WIMP paradigm & prospects

WIMP paradigm 

DM-SM mediators 

SM states DM states 

Cosmological (also galactic) annihilation 

       Collider WIMP pair-production 

W
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P
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u
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c
a
tt

e
ri

n
g
  

1. What is inside this green box? I.e. what forces mediate WIMP-SM 
interaction?!
!
2. Do sizable annihilation cross section always imply sizable scattering 
rate and collider DM production? Not really…!
!

WIMP paradigm

16
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SUSY at the LHC

High PT jet

[ diff i l ]

DM

[mass difference is large]

The pT of jets and leptons

depend on the sparticle 

masses which are given by

Colored particles get 

produced  and decay into 

weakly interacting stable

masses which are given by 

models

DM

weakly interacting stable 

particles

R-parity conserving

Th i l j t + l t + i i E

(or l+l-, τ+τ−)High PT jet

SUSY Theory at the LHC 4

The signal : jets + leptons + missing ET

[from B. Dutta’s Talk, SUSY 2007]

 Neutralino DM Production at the LHC

SM Particles

SM Particles
Neutralino

Neutralino
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Collider Dark Matter Searches: Limits Only 

13 

MSUGRA'(tanb=10,A=0,mu>0)' Simplified'squark/gluino'model'

M0'

M1/2' Msquark'

Mgluino'

0 lepton + 2-6 jets + MET (most sensitive) 
� no evidence so far (at 5.8fb-1, 8TeV) 
� exclude ~1.5TeV for Msquark~Mgluino, 
                    ~1TeV for Msquark>>Mgluino 
� widely extended at 8TeV (cross section x2~5) 

2012 8TeV 
        5.8fb-1 

2011 7TeV 
             4.7fb-1 

2011 7TeV 
             4.7fb-1 

2012 8TeV 
        5.8fb-1 
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Dark matter in mSUGRA under the Higgs boson mass of 125 GeV constraint

m�̃0
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N100
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XENON100 (2012)
Observed Limit (90% CL)
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(Projection)
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S. Akula, PN, arXiv:1210.0520 [hep-ph]. .

Direct neutralino WIMP dark matter searches

[Akula, Nath,  arXiv:1210.0520]
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H → ZZ → l+l− l+l−
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Higgs discovery

! very impressive !
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Higgs Discovery
Signal strength

ATLAS

)µSignal strength (

  -1  0 +1
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Measurements of the signal strength parameter
for the individual channels (decay modes) and their combination.

) signal strength X

Alexander Mann (LMU München) SUSY After the Higgs Discovery Munich, 3rd December 2013 14

Higgs discovery

Signal strengths & Standard Model expectations
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Under pressure! Ellis et al 

CMSSM fits after the Higgs:   γ i = µ0 ,m0 , m1/2 , A0 , B0

Constrained MSSM

Introduction Bayes, SUSY and Naturalness The data CMSSM NUHM Model Comparison Previous works

Supersymmetry

CMSSM

{✓i} = {m0,m1/2,A,B , µ, s} ,

NUHM

{✓i} = {m0,mH ,m1/2,A,B , µ, s} .

m0, mH , M, A and B: soft parameters
µ: Higgs mass term in the superpotential,

s: SM-like parameters.

S. P. Martin, [arXiv:hep-ph/9709356

[hep-ph]]

) Two Higgs doublets Hu, Hd

v2 = 2(v2
u + v2

d )
mu ⇠ yuvu = yuv sin�

md ⇠ ydvd = ydv cos�

where tan� ⌘ vu/vd

- sparticle searches

- (g-2)μ anomaly

- mh contours
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Theoretical limits on the mass of the Higgs boson

The self-coupling � is a running constants due to
quantum fluctuations imposing a lower limit to mH :

Boundaries on the Higgs boson mass from
(vacuum instability) 0 <�(E)<⇥ (non-perturbative regime).

Boundaries on mH as a function of the scala � up to which the SM is valid

Validity of the SM up to the Planck scale
� = 1018 GeV requires

� 125 GeV< mH <� 175 GeV.

4
4

mH=126 GeV
? Big Desert ?

Standard Model after the Higgs discovery

? new physics ?
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electroweak

Frank Daniel Steffen EXPLORE-EWIP 11
Wednesday, September 11, 13

Frank Daniel Steffen EXPLORE-EWIP 11
Wednesday, September 11, 13

SupersymmetryStandard Model

&

Gravity

graviton
G

extremely weak

neutralino

WIMP

Supergravity

gravitino 

EWIP
G~

strong

New Class ➔ Extremely Weakly Interacting Particles (EWIPs)

Dark Matter Candidates
standard particlesinteractions superpartners

Peccei-Quinn (PQ) Symmetry

a
axion 

EWIP a~
axino

EWIP

MPl=2.4 x1018 GeV
∝(p/MPl)n

∝(p/MW)n

MW~102 GeV

∝(p/fPQ)n

fPQ >109 GeV
σ saxion

EWIP
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The general supergravity Lagrangian (N = 1, d = 4)
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→ find low-energy effective theory

→ yields softly broken global SUSY + Gravitino interactions

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

gravitino

Planck scale gaugino

gauge boson

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

[Cremmer, Ferrara, Girardello, Van Proeyen, ’83]

Supergravity (N=1, d=4)
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Supersymmetric Hadronic Axion Model

4

pendix A, we estimate the axino decoupling temperature
as

T ã
D ⇡ 5.2⇥ 108 GeV

✓

fPQ

1011 GeV

◆2

. (3)

In cosmological scenarios with TR > T ã
D (or even

TR > T a,�
D ), axinos (together with axions/saxions) were

in thermal equilibrium before decoupling as a relativistic
species provided mã ⌧ T ã

D (and m� ⌧ T �
D). Then the

yield of those thermal relic axions/saxions and axinos af-
ter decoupling is given respectively by

Y eq
a,� =

neq
a,�

s
⇡ 1.2⇥ 10�3 (4)

and

Y eq
ã =

neq
ã

s
⇡ 1.8⇥ 10�3. (5)

Here n(eq)
j denotes the corresponding (equilibrium) num-

ber density of species j and s the entropy density. For the
latter, we use s(T ) = 2⇡2g⇤ST

3/45 with an e↵ective num-
ber of relativistic degrees of freedom of g⇤S(TD) ' 232.5
that accounts for the MSSM and the axion multiplet
fields, which can all be considered as relativistic at TD

for m�,ã ⌧ TD.

In scenarios with TR < T a,�,ã
D , the axion multiplet

fields can still be thermally produced (TP) via scatter-
ing of colored (s)particles in the primordial plasma. The
resulting yields are given by [4]

Y TP
a,� = 1.33⇥ 10�3g6s ln

✓

1.01

gs

◆✓

1011 GeV

fPQ

◆2✓
TR

108 GeV

◆

(6)
and, as derived by updating the result of Ref. [42] in
Appendix A, by

Y TP
ã = 1.98⇥10�3g6s ln

✓

1.27

gs

◆✓

1011 GeV

fPQ

◆2✓
TR

108 GeV

◆

.

(7)
Here the strong gauge coupling is understood to be eval-
uated at TR, i.e., gs ⌘ gs(TR) =

p

4⇡↵s(TR), which we
calculate according to its 1-loop renormalization group
running within the MSSM from ↵s(mZ) = 0.1176 at the
Z-boson mass mZ = 91.1876 GeV.

Note that our focus is on hadronic or KSVZ axion mod-
els [52, 53] in a SUSY setting, with NQ = 1 heavy KSVZ
(s)quark multiplets QL and Q̄R. After integrating out
the KSVZ fields, we obtain the e↵ective Lagrangian [4]

Lint
PQ =

↵s

8⇡fPQ



�
�

Gb µ⌫Gb
µ⌫ � 2DbDb � 2i¯̃gbM�µDµg̃

b
M

�

+ a
⇣

Gb µ⌫
eGb
µ⌫ + 2¯̃gbM�µ�5Dµg̃

b
M

⌘

� i¯̃aM
[�µ, �⌫ ]

2
�5g̃bMGb

µ⌫ + 2¯̃aMDbg̃bM

�

, (8)

TABLE II. Assignments of the index i, the gauge coupling
gi, and the gaugino mass parameter Mi, to the gauge groups
U(1)Y, SU(2)L, and SU(3)c, and the constants ki, yi, and !i.

gauge group i gi Mi ki (yi/10
�14) !i

U(1)Y 1 g0 M1 1.266 0.653 0.018

SU(2)L 2 g M2 1.312 1.604 0.044

SU(3)c 3 gs M3 1.271 4.276 0.117

where b is a color index, Dµ the corresponding color-
gauge covariant derivative, Gb

µ⌫ the gluon-field-strength

tensor, eGb
µ⌫ = ✏µ⌫⇢�G

b ⇢�/2 its dual, g̃b the gluino field,

and Db = �gs
P

q̃ q̃
⇤
i T

b
ij q̃j with a sum over all squark

fields q̃ and the SU(3)c generators T b
ij in their fun-

damental representation; the subscript M indicates 4-
component Majorana spinors.3 In the considered frame-
work, the Lagrangian (8) describes the relevant sax-
ion/axion/axino interactions even in a conceivable very
hot early stage of the primordial plasma with tempera-
tures T not too far below fPQ.4 Based on (8) the pre-
sented results (2), (3), (6), and (7) are obtained. In
particular, as outlined in more detail in Appendix A,
our result for the thermally produced axino yield (7) ac-
counts for the second term in the third line of (8) that de-
scribes the quartic axino-squark-antisquark-gluino inter-
action [41], whereas the corresponding result of Ref. [42]
was based on only the first term in that line.
Gravitinos with mass values of m eG & 1 GeV, which

are the ones considered in this work, have never been in
thermal equilibrium with the primordial plasma. Never-
theless, they can be produced e�ciently in thermal scat-
tering of MSSM fields in the hot plasma. Derived in a
gauge-invariant treatment, the resulting thermally pro-
duced gravitino yield reads [58–60]

Y TP
eG =

3
X

i=1

yi g
2
i

 

1 +
M2

i

3m2
eG

!

ln

✓

ki
gi

◆✓

TR

108 GeV

◆

,

(9)
with yi, the gauge couplings gi, the gaugino mass param-
eters Mi, and ki as given in Table II. Here Mi and gi are
understood to be evaluated at TR.
In the following we consider universal gaugino masses,

m1/2 = Mi(mGUT), at the grand unification scale
mGUT ' 2⇥1016 GeV. We do not specify a SUSY model.

3 Slightly di↵erent expressions for Lint
PQ can be found in [41, 54].

We use the space-time metric gµ⌫ = gµ⌫ = diag(+1,�1,�1,�1)
and other conventions and notations of Ref. [55] and, except for
a di↵erent sign of the Levi-Civita tensor ✏0123 = +1, of Ref. [56].

4 We do not consider scenarios with a radiation-dominated epoch
with T above the masses of the heavy KSVZ (s)quarks mQ,Q̃

such as those considered in Ref. [57].

2

parameter regions of the considered SUSY axion mod-
els that will be tested by Planck results expected to be
published in the near future.

The remainder of this paper is organized as follows.
In the next section we consider interactions of the PQ
supermultiplet and decay widths for saxion decays. In
Sects. III and IV our calculations of the thermal produc-
tion rates of saxions and axions are presented. We com-
pute the associated yields in Sect. V and use the results
to estimate the saxion/axion decoupling temperature in
Sect. VI. Then we explore �Ne↵ provided in the form
of axions from saxion decays and possible manifestations
in BBN and CMB studies. Here we comment also on
potential restrictions on such a �Ne↵ contribution which
can emerge from overly e�cient thermal gravitino/axino
production. Our conclusions are given in Sect. VIII.

II. PARTICLE PHYSICS SETTING

In a SUSY framework, the U(1)PQ symmetry is ex-
tended to a symmetry of the (holomorphic) superpoten-
tial and thereby to its complex form U(1)cPQ [77]. In
the case of unbroken SUSY, this implies the existence
of a flat direction and thereby a massless saxion field.
Once SUSY is broken, this flat direction gets lifted, re-
sulting in a model-dependent mass of the saxion m�.
For example, m� is expected to be of the order of the
gravitino mass m3/2 in gravity-mediated SUSY breaking
models [15, 23, 56]. Here we do not look at a specific
model but treat m� as a free parameter.

In this work we consider the particle content of the
minimal supersymmetric SM (MSSM) extended by the
PQ superfield A = (� + ia)/

p
2 +

p
2✓ã + FA✓✓, where

✓ denotes the corresponding fermionic superspace co-
ordinate and FA the chiral auxiliary field. The in-
teractions of A with the color-field-strength superfield
W b = g̃b+Db✓��µ⌫✓Gb

µ⌫ + i✓✓�µDµ
¯̃gb are given by the

e↵ective Lagrangian

Lint
PQ = �

p
2↵s

8⇡fPQ

Z
d2✓AW bW b + h.c. , (1)

where b is a color index, g̃b the gluino field, Db the
real color-gauge auxiliary field, Gb

µ⌫ the gluon-field-
strength tensor, Dµ the corresponding color-gauge co-
variant derivative, and ↵s = g2s/4⇡. After performing
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PQ expressions given in Refs. [30, 33], we remark
that the second term in the brackets in the second line
of (2) can be written as Dµ(¯̃gbM�µ�5g̃bM ). However, our
result for the saxion-gluino interaction term di↵ers from
the corresponding terms in [30] and [33] by factors of �2
and �1, respectively. Moreover, our findings for the ax-
ino interactions di↵er by a factor of �1 from the ones
in [30, 33]. This may result partially from metric con-
ventions: If we translate (2) into the corresponding ex-
pression valid for gµ⌫ = gµ⌫ = diag(�1,+1,+1,+1) us-
ing Appendix A of [11], the sign of our result for the
axino-gluino-gluon interaction term will change, whereas
all other terms in (2) will not be a↵ected.

In the following we focus on hadronic or KSVZ axion
models [78, 79] in a SUSY setting in which the e↵ective
Lagrangian (2) describes the relevant interactions even
in a conceivable very hot early stage of the primordial
plasma with temperatures T not too far below fPQ. Note
that we do not consider scenarios with a radiation domi-
nated epoch with T above the masses of the heavy KSVZ
(s)quarks mQ,Q̃ such as those considered in Ref. [32].

Next we address interactions between axions and sax-
ions in models with N SM-gauge singlet PQ multiplets
�i with PQ charges qi and vacuum expectation values
(VEVs) vi after PQ symmetry breaking. Near the VEVs
(after integrating out the heavy fields in the PQ sector),
the scalar parts of �i can be parametrized as
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terms for the axion and the saxion. Moreover, from the
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supermultiplet and decay widths for saxion decays. In
Sects. III and IV our calculations of the thermal produc-
tion rates of saxions and axions are presented. We com-
pute the associated yields in Sect. V and use the results
to estimate the saxion/axion decoupling temperature in
Sect. VI. Then we explore �Ne↵ provided in the form
of axions from saxion decays and possible manifestations
in BBN and CMB studies. Here we comment also on
potential restrictions on such a �Ne↵ contribution which
can emerge from overly e�cient thermal gravitino/axino
production. Our conclusions are given in Sect. VIII.
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sulting in a model-dependent mass of the saxion m�.
For example, m� is expected to be of the order of the
gravitino mass m3/2 in gravity-mediated SUSY breaking
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model but treat m� as a free parameter.
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and other conventions and notations of Ref. [11] and
– except for a di↵erent sign of the Levi-Civita tensor
✏0123 = +1 – of Ref. [9]. For comparisons with simi-
lar Lint

PQ expressions given in Refs. [30, 33], we remark
that the second term in the brackets in the second line
of (2) can be written as Dµ(¯̃gbM�µ�5g̃bM ). However, our
result for the saxion-gluino interaction term di↵ers from
the corresponding terms in [30] and [33] by factors of �2
and �1, respectively. Moreover, our findings for the ax-
ino interactions di↵er by a factor of �1 from the ones
in [30, 33]. This may result partially from metric con-
ventions: If we translate (2) into the corresponding ex-
pression valid for gµ⌫ = gµ⌫ = diag(�1,+1,+1,+1) us-
ing Appendix A of [11], the sign of our result for the
axino-gluino-gluon interaction term will change, whereas
all other terms in (2) will not be a↵ected.

In the following we focus on hadronic or KSVZ axion
models [78, 79] in a SUSY setting in which the e↵ective
Lagrangian (2) describes the relevant interactions even
in a conceivable very hot early stage of the primordial
plasma with temperatures T not too far below fPQ. Note
that we do not consider scenarios with a radiation domi-
nated epoch with T above the masses of the heavy KSVZ
(s)quarks mQ,Q̃ such as those considered in Ref. [32].

Next we address interactions between axions and sax-
ions in models with N SM-gauge singlet PQ multiplets
�i with PQ charges qi and vacuum expectation values
(VEVs) vi after PQ symmetry breaking. Near the VEVs
(after integrating out the heavy fields in the PQ sector),
the scalar parts of �i can be parametrized as

�i = vi exp

"
qi(� + ia)p

2vPQ

#
. (3)

Here the canonical PQ charge normalization requires
q2i = 1 for the smallest qi and vPQ =

pP
i v

2
i q

2
i results

from the requirement of canonically normalized kinetic
terms for the axion and the saxion. Moreover, from the
kinetic terms of the PQ fields, one finds that interactions
between axions and saxions can emerge as follows [26]

Lkin
PQ =

NX

i=1

@µ�i@µ�
⇤
i

⇠
 
1 +

p
2x

vPQ
�

!
1

2
(@µa)

2 +
1

2
(@µ�)

2

�
+ . . . (4)

where x =
P

i q
3
i v

2
i /v

2
PQ. The strength of these in-

teractions thus depends on the model. For example,
x = (v21 � v22)/v

2
PQ in models whose superpotentials con-

tain the term R(�1�2�v2PQ/2) with a Yukawa coupling
, two PQ fields with q1 = �q2 = 1 and a SM-gauge sin-
glet field R with qR = 0. This illustrates that x ⌧ 1 is
possible if v1 ' v2 ' vPQ/

p
2 [16, 26, 62]. On the other

hand, in a KSVZ axion model with just one PQ scalar

PQ

field strength
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Figure 2.2: Examples of triangle and box loops of KSVZ quarks coupling to one
axion, two gluinos and, in the case of the box, one gluon in SUSY hadronic axion
models.

and squarks similar to the non-SUSY case. Again, we can expand the exponential in
(2.56) and get a mass term for the heavy KSVZ (s)quarks, m

Q, Q̃

= hv1 and triangle
diagrams like the one shown in Fig. 2.1 and its supersymmetrized version, shown
in Fig. 2.2(a). After integrating out the loops, we get for the triangle diagram with
one axion and two gluons,

Lint =
g2

s

hv1

32⇡2
p

2m
Q

vPQ

aGb µ⌫

eGb

µ⌫

. (2.57)

This expression is the same as in the non-SUSY case if one changes the notation
accordingly. This is expected, since a supersymmetric hadronic axion model should
of course also be able to solve the strong CP problem.

Also in the SUSY case there are box diagrams, one example is shown in Fig. 2.2(b).
In fact, there are six box diagrams according to the six possible permutations of the
external particles. Note, however, that the sum of the box diagrams with an external
axion is suppressed by additional powers of vPQ relative to the triangle diagrams.
This means that there is no e↵ective low energy axion-gluon-gluino-gluino vertex.

These loop diagrams can also be constructed with the saxion instead of the axion.
The coupling of the saxion does not contain a factor of �5, since it is not a pseu-
doscalar. Here the box diagrams are not suppressed by more powers of vPQ, thus
indeed there is a saxion-gluon-gluino-gluino vertex. To fix the relation of fPQ and
vPQ we need to compare the result of these loops to the terms resulting from the
e↵ective SUSY Lagrangian.
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20 2.4. THE HADRONIC AXION MODEL

a

Q

gbga

Figure 2.1: Triangle loop of KSVZ quarks coupling to one axion and two gluons.
Note that there is a second diagram with opposite direction of the arrows.

We see that � rolls towards its VEV �0 whereas a stays massless. This means that
a is the pseudo–Nambu–Goldstone boson of the broken PQ symmetry, so we can
identify it as the axion. The radial field � on the other hand has a mass

p
2m and

is called the saxion.

In the low energy limit of the broken symmetry, we can expand the exponential
in the Yukawa interaction. The zeroth-order term provides an e↵ective mass term
for the heavy quarks, m

Q

= h�0. The first-order term results in an interaction
of the heavy quarks with the phase of �, hence with the axion. This coupling is
proportional to the Dirac matrix �5, since the axion is a pseudoscalar. The heavy
quarks couple to gluons just as the SM quarks, so we can construct a triangle loop
with Q fields coupling to one axion and two gluons. This loop is shown in Fig. 2.1.
There is also a box diagram where an axion couples to a box of heavy quarks which,
in turn, couple to three external gluons.

Since the mass of the quarks is taken to be large we can integrate them out in these
loops and we are left with the following e↵ective term in the Lagrangian

Lint =
g2

s

h�0

32⇡2
p

2m
Q

�0

aGb µ⌫

eGb

µ⌫

. (2.50)

Comparing this to (2.6), we see that by defining

fPQ =
p

2�0 (2.51)

we recover the original e↵ective interaction term of the axion. So we see that this
model provides us with the expected form of the axion interaction term and no other
light degree of freedom, since these KSVZ quarks turn out to be typically too heavy
to be exited in the scenarios we consider.

Note that one could also perform an axion-dependent chiral rotation of the quark
fields

 
Q

L/R

! exp

✓

±i
ap
2�0

◆

 
Q

L/R

(2.52)

KSVZ [Kim ’79; Shifman, Vainshtein,Zakharov ’80]

heavy KSVZ 
(s)quark loops
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Fig. 3. Summary of astrophysical
and cosmological axion limits as dis-
cussed in the text. The black sensitiv-
ity bars indicate the search ranges of
the CAST solar axion search and the
ADMX search for galactic dark matter
axions. Light-grey exclusion bars are
very model dependent

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

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

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

Astrophysical Axion Bounds

Bounds from Axion Searches

Cosmological Axion Bounds
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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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 ΩTP

ea h2 is within the nomi-
nal 3σ range (1). For given fa, the region above the associated
band is disfavored by ΩTP

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 τ̃1 LOSP case under
the simplifying assumption that the lighter stau is purely
‘right-handed,’ τ̃1 = τ̃R, which is a good approximation
at least for small tan β. The χ̃0

1–τ̃1 coupling is then dom-
inated by the bino coupling. For further simplicity, we
also assume that the lightest neutralino is a pure bino:
χ̃0

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

the interaction of the axion multiplet Φ with the heavy
KSVZ quark multiplets Q1 and Q2 is described by the
superpotential

WPQ = yΦQ1Q2 (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
heavy KSVZ quark are given, respectively, by

ã =

(
χ

χ̄

)

and Q =

(
q1

q̄2

)

. (4)

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

= MQ = y〈φ〉 = yfa/
√

2 with both y and fa

TABLE I: The axion multiplet Φ, 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

Φ = φ +
√

2χθ + FΦθθ +1 (1, 1)0

Q1 = eQ1 +
√

2q1θ + F1θθ -1/2 (3, 1)+eQ

Q2 = eQ2 +
√

2q2θ + F2θθ -1/2 (3∗, 1)−eQ

taken to be real by field redefinitions. The phenomeno-
logical 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),

M eQ1,2
, MQ % mZ, mSUSY . (5)

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

√
2〈φ〉 in the

considered models. By integrating out the heavy KSVZ
(s)quarks, axion-gluon and axion-photon interactions are
obtained as described by the effective Lagrangians

Lagg =
g2
s

32π2fa
a Ga

µνG̃aµν (6)

Laγγ =
e2Caγγ

32π2fa
a FµνF̃µν , (7)

where Ga
µν and Fµν are the gluon and electromagnetic

field strength tensors, respectively, whose duals are given
by G̃a

µν = εµνρσGaρσ/2 and F̃µν = εµνρσF ρσ/2; e2 =
4πα. After chiral symmetry breaking,

Caγγ = 6e2
Q −

2

3

4 + z

1 + z
(8)

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

Leaegg = i
g2
s

64π2fa

¯̃a γ5 [γµ, γν ] g̃a Ga
µν (9)

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

is the NLSP, its lifetime τeτ is governed by the decay
τ̃R → τ ã. For the models given by (3) and Table I, the
Feynman diagrams of the dominant contributions to the
2-body stau NLSP decay τ̃R → τ ã are shown in Fig. 2.
Since mτ ) meτ , we work in the limit mτ → 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 calculation of the 2-loop diagrams, the hier-
archy (5) allows us to make use of a heavy mass expansion
in powers of 1/fa [39]. In this asymptotic expansion, it

Constraints on the Peccei-Quinn (PQ) scale fPQ
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High Reheating Temperature Scenarios
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

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

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

eG
“

p
MPl

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

extremely weak NLSP decays ← warm + eτ collection

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

BBN

CMB

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

[Pradler, FDS, ’06]

[Rychkov, Strumia, ’07] (gauge dep.)
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eχ0
1 g, g’ WIMP ← cold indirect detection (EGRET, GLAST, ...)

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

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

eG
“

p
MPl

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

extremely weak NLSP decays ← warm + eτ collection

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

BBN

CMB

γ rays

...

Very Early Hot Universe

T ~ 107 GeV
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Thermal Gravitino 
Production

[A] EWIP production in the early Universe

radiation dominated mat. dom. Λ dom.

today1eV1 MeV

inflation

? TR= 109 GeV ? time

Thermal EWIP production

Thermal Leptogenesis

EWIP

∝ (p/MPl)n ∝ (TR/MPl)n

requires TR > 109 GeV 
➔ baryon asymmetry 

dark
matter

stable & non-relativ.

Big Bang Nucleosynthesisreheating temperature
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TD >> T: X is never in th. eq. with the prim. plasma

but thermally produced 
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Cosmic Relic Abundances

• TR > TD:  1+2       3+X

• TR > TD:  1+2       3+X

T > TD: X in thermal eq. with the primordial plasma

T ~ TD: X decouples as a hot thermal relic

Boltzmann eq.

collision term

decoupling temp. of X
reheating temp.



SteffenAxions etc. 33

Calculation of the Collsion Term
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FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
= E

dWa

d3p

∣∣∣∣
soft

+ E
dWa

d3p

∣∣∣∣
hard

, (3)

which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion

g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.

self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p

∣∣∣∣
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= −
fB(E)

(2π)3
ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
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[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
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hard

=
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with Euler’s constant γ, Riemann’s zeta function ζ(z),
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1

32π3
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∞
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, (8)

• Hard Part: k > kcut• Soft Part: k < kcut

[cf. Braaten, Yuan, ’91]

• Thermal Production Rate of X

• Hard Thermal Loop (HTL) Resummation

2

Process A: ga + gb → gc + a

+

gb

ga

gc

a

+

gb

ga
a

gc

ga

gb gc

a

+

gb

ga

gc

a

Process B: qi + q̄j → ga + a

qi

q̄j

a

ga

Process C: qi + ga → qj + a (crossing of B)

FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,
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In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion

g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
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self-energy with the ultraviolet cutoff kcut,
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= −
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ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
PQ

[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
dWa

d3p

∣∣∣∣
hard

=
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Thermal Axion Production in the Hot QGP

[Masso et al., ’02; Sikivie, ’08; Graf, FDS, ’10]

4

10
8

10
9

10
10

10
11

10
12

10
-10

10
-8

10
-6

10
-4

10
-2

1

FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
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soft

+ E
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which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion
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FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.

self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p
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soft

= −
fB(E)

(2π)3
ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
PQ

[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
dWa

d3p
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hard

=
1

2(2π)3

∫
dΩp

4π

∫



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j=1
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(2π)32Ej
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× (2π)4δ4(P1 + P2 − P3 − P )Θ(k − kcut)

×
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f1(E1)f2(E2)[1± f3(E3)]|M1+2→3+a|2 (6)

= E
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c − 1)
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{
nf
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ln(2)

+
(
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48π
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+
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3
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]

+Nc(I
(1)
BBB − I(3)BBB) + nf (I

(1)
FBF + I(3)FFB)

}
(7)

with Euler’s constant γ, Riemann’s zeta function ζ(z),

I(1)BBB(FBF) =
1

32π3

∫
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dE3
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3

I(3)BBB(FFB) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE2 fBBB(FFB)

×
{
Θ(E − E3)

E2
1E

2
3

E2(E3 + E)
+Θ(E3 − E)

E2
2

E3 + E

+[Θ(E3 − E)Θ(E2 − E3)−Θ(E − E3)Θ(E3 − E2)]

×
E2 − E3

E2
[E2(E3 − E)− E3(E3 + E)]

}
, (9)

fBBB,FBF,FFB = f1(E1)f2(E2)[1 ± f3(E3)]. (10)

The sum in (6) is over all axion production processes
1 + 2 → 3 + a viable with (1). The colored particles 1–3
were in thermal equilibrium at the relevant times. Per-
forming the calculation in the rest frame of the plasma,
fi are thus described by fF/B depending on the respec-
tive spins. Shorthand notation (10) indicates the corre-
sponding combinations, where + (−) accounts for Bose
enhancement (Pauli blocking) when particle 3 is a bo-
son (fermion). With any initial axion population diluted
away by inflation and T well below TD so that axions
are not in thermal equilibrium, the axion phase space
density fa is negligible in comparison to fF/B. Thereby,
axion disappearance reactions (∝ fa) are neglected as
well as the respective Bose enhancement (1 + fa ≈ 1).
Details on the methods applied to obtain our results (7),
(8), and (9) can be found in Ref. [11].
Relic axion abundance—We now calculate the ther-

mally produced (TP) axion yield Y TP
a = na/s, where

na is the corresponding axion number density and s the
entropy density. For T sufficiently below TD, the evolu-
tion of the thermally produced na with cosmic time t is
governed by the Boltzmann equation

dna

dt
+ 3Hna =

∫
d3p

dWa

d3p
= Wa. (11)

Here H is the Hubble expansion rate, and the collision
term is the integrated thermal production rate

Wa =
ζ(3)g6sT

6

64π7f2
PQ

[
ln

(
T 2

m2
g

)
+ 0.406

]
. (12)

Assuming conservation of entropy per comoving vol-
ume element, (11) can be written as dY TP

a /dt = Wa/s.
Since thermal axion production proceeds basically dur-
ing the hot radiation dominated epoch, i.e., well above
the temperature of radiation-matter equality Tmat=rad,
one can change variables from cosmic time t to tempera-
ture T accordingly. With initial temperature TR at which
Y TP
a (TR) = 0, the relic axion yield today is given by

Y TP
a ≈ Y TP

a (Tmat=rad) =

∫ TR

Tmat=rad

dT
Wa(T )

Ts(T )H(T )

= 18.6g6s ln

(
1.501

gs

)(
1010GeV

fPQ

)2(
TR

1010 GeV

)
. (13)

This result is shown by the diagonal lines in Fig. 3 for cos-
mological scenarios with different TR values ranging from

10
4

10
6

10
8

10
10

10
12

10
-8

10
-6

10
-4

10
-2

FIG. 3. The relic axion yield today originating from thermal
processes in the primordial plasma for cosmological scenarios
characterized by different TR values covering the range from
104 to 1012 GeV. The dotted, dash-dotted, dashed, and solid
lines are obtained for fPQ = 109, 1010, 1011, and 1012 GeV.

104 to 1012GeV. Here we use gs = gs(TR) as described
by the 1-loop renormalization group evolution [5]

gs(TR) =

[
g−2
s (MZ) +

11Nc − 2nf

24π2
ln

(
TR

MZ

)]−1/2

(14)

where g2s(MZ)/(4π) = 0.1172 at MZ = 91.188 GeV.
Note that (13) is only valid when axion disappearance
processes can be neglected. In scenarios in which TR ex-
ceeds TD, this is not justified since there has been an early
period in which axions were in thermal equilibrium. In
this period, their production and annihilation proceeded
at equal rates. Thereafter, they decoupled as hot ther-
mal relics at TD, where all Standard Model particles are
effectively massless. The present yield of those thermal
relic axions is then given by Y eq

a = neq
a /s ≈ 2.6 × 10−3.

In Fig. 3 this value is indicated by the horizontal lines. In
fact, the thermally produced yield cannot exceed Y eq

a . In
scenarios with TR such that (13) turns out to be close to
or greater than Y eq

a , disappearance processes have to be
taken into account. The resulting axion yield from ther-
mal processes will then respect Y eq

a as the upper limit.
For example, for fPQ = 109GeV, this yield would show a
dependence on the reheating temperature TR that is very
similar to the one shown by the dotted line in Fig. 3. The
only difference will be a smooth transition instead of the
kink at Y TP

a = Y eq
a .

Axion decoupling temperature—The kinks in Fig. 3 in-
dicate the critical TR value which separates scenarios
with thermal relic axions from those in which axions have
never been in thermal equilibrium. Thus, for a given fPQ,
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Process B: qi + q̄j → ga + a

qi

q̄j

a
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Process C: qi + ga → qj + a (crossing of B)

FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
= E

dWa

d3p

∣∣∣∣
soft

+ E
dWa

d3p

∣∣∣∣
hard

, (3)

which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion

g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.

self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p

∣∣∣∣
soft

= −
fB(E)

(2π)3
ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
PQ

[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
dWa

d3p

∣∣∣∣
hard

=
1

2(2π)3

∫
dΩp

4π

∫



3∏

j=1

d3pj
(2π)32Ej





× (2π)4δ4(P1 + P2 − P3 − P )Θ(k − kcut)

×
∑

f1(E1)f2(E2)[1± f3(E3)]|M1+2→3+a|2 (6)

= E
g6s(N

2
c − 1)

512π7f2
PQ

{
nf

fB(E)T 3

48π
ln(2)

+
(
Nc +

nf

2

) fB(E)T 3

48π

[
ln

(
T 2

k2cut

)
+

17

3
− 2γ +

2ζ′(2)

ζ(2)

]

+Nc(I
(1)
BBB − I(3)BBB) + nf (I

(1)
FBF + I(3)FFB)

}
(7)

with Euler’s constant γ, Riemann’s zeta function ζ(z),

I(1)BBB(FBF) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE1 ln

(
|E1 − E3|

E3

)

×
{
−Θ(E1 − E3)

d

dE1

[
fBBB(FBF)

E2
2

E2
(E2

1 + E2
3 )

]

+Θ(E3 − E1)
d

dE1
[fBBB(FBF)(E

2
1 + E2

3 )]

+Θ(E − E1)
d

dE1

[
fBBB(FBF)

(
E2

1E
2
2

E2
− E2

3

)]}
, (8)
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.

We are grateful to Thomas Hahn, Josef Pradler, Georg
Raffelt, and Javier Redondo for valuable discussions.
This research was partially supported by the Cluster of
Excellence ‘Origin and Structure of the Universe.’

[1] P. Sikivie, Lect. Notes Phys. 741, 19 (2008)
[2] J.E. Kim, G. Carosi (2008), 0807.3125
[3] E. Masso, F. Rota, G. Zsembinszki, Phys. Rev. D66,

023004 (2002)
[4] G.G. Raffelt, Lect. Notes Phys. 741, 51 (2008)
[5] C. Amsler et al. (PDG), Phys. Lett. B667, 1 (2008)
[6] S. Chang, K. Choi, Phys. Lett. B316, 51 (1993)
[7] S. Hannestad, A. Mirizzi, G. Raffelt, JCAP 0507, 002

(2005)
[8] M.S. Turner, Phys. Rev. Lett. 59, 2489 (1987)
[9] E. Braaten, R.D. Pisarski, Nucl. Phys. B337, 569 (1990)

[10] E. Braaten, T.C. Yuan, Phys. Rev. Lett. 66, 2183 (1991)
[11] M. Bolz, A. Brandenburg, W. Buchmüller, Nucl. Phys.

B606, 518 (2001); ibid. B790 336 (2008)
[12] S. Hannestad, A. Mirizzi, G.G. Raffelt, Y.Y.Y. Wong,

JCAP 1008, 001 (2010)
[13] M. Beltran, J. Garcia-Bellido and J. Lesgourgues, Phys.

Rev. D 75, 103507 (2007)

 [Graf, FDS, arXiv:1008.4528]

4

10
8

10
9

10
10

10
11

10
12

10
-10

10
-8

10
-6

10
-4

10
-2

1
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for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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I(3)BBB(FFB) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE2 fBBB(FFB)

×
{
Θ(E − E3)

E2
1E

2
3

E2(E3 + E)
+Θ(E3 − E)

E2
2

E3 + E

+[Θ(E3 − E)Θ(E2 − E3)−Θ(E − E3)Θ(E3 − E2)]

×
E2 − E3

E2
[E2(E3 − E)− E3(E3 + E)]

}
, (9)

fBBB,FBF,FFB = f1(E1)f2(E2)[1 ± f3(E3)]. (10)

The sum in (6) is over all axion production processes
1 + 2 → 3 + a viable with (1). The colored particles 1–3
were in thermal equilibrium at the relevant times. Per-
forming the calculation in the rest frame of the plasma,
fi are thus described by fF/B depending on the respec-
tive spins. Shorthand notation (10) indicates the corre-
sponding combinations, where + (−) accounts for Bose
enhancement (Pauli blocking) when particle 3 is a bo-
son (fermion). With any initial axion population diluted
away by inflation and T well below TD so that axions
are not in thermal equilibrium, the axion phase space
density fa is negligible in comparison to fF/B. Thereby,
axion disappearance reactions (∝ fa) are neglected as
well as the respective Bose enhancement (1 + fa ≈ 1).
Details on the methods applied to obtain our results (7),
(8), and (9) can be found in Ref. [11].
Relic axion abundance—We now calculate the ther-

mally produced (TP) axion yield Y TP
a = na/s, where

na is the corresponding axion number density and s the
entropy density. For T sufficiently below TD, the evolu-
tion of the thermally produced na with cosmic time t is
governed by the Boltzmann equation

dna

dt
+ 3Hna =

∫
d3p

dWa

d3p
= Wa. (11)

Here H is the Hubble expansion rate, and the collision
term is the integrated thermal production rate

Wa =
ζ(3)g6sT

6

64π7f2
PQ

[
ln

(
T 2

m2
g

)
+ 0.406

]
. (12)

Assuming conservation of entropy per comoving vol-
ume element, (11) can be written as dY TP

a /dt = Wa/s.
Since thermal axion production proceeds basically dur-
ing the hot radiation dominated epoch, i.e., well above
the temperature of radiation-matter equality Tmat=rad,
one can change variables from cosmic time t to tempera-
ture T accordingly. With initial temperature TR at which
Y TP
a (TR) = 0, the relic axion yield today is given by

Y TP
a ≈ Y TP

a (Tmat=rad) =

∫ TR

Tmat=rad

dT
Wa(T )

Ts(T )H(T )

= 18.6g6s ln

(
1.501

gs

)(
1010GeV

fPQ

)2(
TR

1010 GeV

)
. (13)

This result is shown by the diagonal lines in Fig. 3 for cos-
mological scenarios with different TR values ranging from
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FIG. 3. The relic axion yield today originating from thermal
processes in the primordial plasma for cosmological scenarios
characterized by different TR values covering the range from
104 to 1012 GeV. The dotted, dash-dotted, dashed, and solid
lines are obtained for fPQ = 109, 1010, 1011, and 1012 GeV.

104 to 1012GeV. Here we use gs = gs(TR) as described
by the 1-loop renormalization group evolution [5]

gs(TR) =

[
g−2
s (MZ) +

11Nc − 2nf

24π2
ln

(
TR

MZ

)]−1/2

(14)

where g2s(MZ)/(4π) = 0.1172 at MZ = 91.188 GeV.
Note that (13) is only valid when axion disappearance
processes can be neglected. In scenarios in which TR ex-
ceeds TD, this is not justified since there has been an early
period in which axions were in thermal equilibrium. In
this period, their production and annihilation proceeded
at equal rates. Thereafter, they decoupled as hot ther-
mal relics at TD, where all Standard Model particles are
effectively massless. The present yield of those thermal
relic axions is then given by Y eq

a = neq
a /s ≈ 2.6 × 10−3.

In Fig. 3 this value is indicated by the horizontal lines. In
fact, the thermally produced yield cannot exceed Y eq

a . In
scenarios with TR such that (13) turns out to be close to
or greater than Y eq

a , disappearance processes have to be
taken into account. The resulting axion yield from ther-
mal processes will then respect Y eq

a as the upper limit.
For example, for fPQ = 109GeV, this yield would show a
dependence on the reheating temperature TR that is very
similar to the one shown by the dotted line in Fig. 3. The
only difference will be a smooth transition instead of the
kink at Y TP

a = Y eq
a .

Axion decoupling temperature—The kinks in Fig. 3 in-
dicate the critical TR value which separates scenarios
with thermal relic axions from those in which axions have
never been in thermal equilibrium. Thus, for a given fPQ,
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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I(3)BBB(FFB) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE2 fBBB(FFB)

×
{
Θ(E − E3)

E2
1E

2
3

E2(E3 + E)
+Θ(E3 − E)

E2
2

E3 + E

+[Θ(E3 − E)Θ(E2 − E3)−Θ(E − E3)Θ(E3 − E2)]

×
E2 − E3

E2
[E2(E3 − E)− E3(E3 + E)]

}
, (9)

fBBB,FBF,FFB = f1(E1)f2(E2)[1 ± f3(E3)]. (10)

The sum in (6) is over all axion production processes
1 + 2 → 3 + a viable with (1). The colored particles 1–3
were in thermal equilibrium at the relevant times. Per-
forming the calculation in the rest frame of the plasma,
fi are thus described by fF/B depending on the respec-
tive spins. Shorthand notation (10) indicates the corre-
sponding combinations, where + (−) accounts for Bose
enhancement (Pauli blocking) when particle 3 is a bo-
son (fermion). With any initial axion population diluted
away by inflation and T well below TD so that axions
are not in thermal equilibrium, the axion phase space
density fa is negligible in comparison to fF/B. Thereby,
axion disappearance reactions (∝ fa) are neglected as
well as the respective Bose enhancement (1 + fa ≈ 1).
Details on the methods applied to obtain our results (7),
(8), and (9) can be found in Ref. [11].
Relic axion abundance—We now calculate the ther-

mally produced (TP) axion yield Y TP
a = na/s, where

na is the corresponding axion number density and s the
entropy density. For T sufficiently below TD, the evolu-
tion of the thermally produced na with cosmic time t is
governed by the Boltzmann equation

dna

dt
+ 3Hna =

∫
d3p

dWa

d3p
= Wa. (11)

Here H is the Hubble expansion rate, and the collision
term is the integrated thermal production rate

Wa =
ζ(3)g6sT

6

64π7f2
PQ

[
ln

(
T 2

m2
g

)
+ 0.406

]
. (12)

Assuming conservation of entropy per comoving vol-
ume element, (11) can be written as dY TP

a /dt = Wa/s.
Since thermal axion production proceeds basically dur-
ing the hot radiation dominated epoch, i.e., well above
the temperature of radiation-matter equality Tmat=rad,
one can change variables from cosmic time t to tempera-
ture T accordingly. With initial temperature TR at which
Y TP
a (TR) = 0, the relic axion yield today is given by

Y TP
a ≈ Y TP

a (Tmat=rad) =

∫ TR

Tmat=rad

dT
Wa(T )

Ts(T )H(T )

= 18.6g6s ln

(
1.501

gs

)(
1010GeV

fPQ

)2(
TR

1010 GeV

)
. (13)

This result is shown by the diagonal lines in Fig. 3 for cos-
mological scenarios with different TR values ranging from
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FIG. 3. The relic axion yield today originating from thermal
processes in the primordial plasma for cosmological scenarios
characterized by different TR values covering the range from
104 to 1012 GeV. The dotted, dash-dotted, dashed, and solid
lines are obtained for fPQ = 109, 1010, 1011, and 1012 GeV.

104 to 1012GeV. Here we use gs = gs(TR) as described
by the 1-loop renormalization group evolution [5]

gs(TR) =

[
g−2
s (MZ) +

11Nc − 2nf

24π2
ln

(
TR

MZ

)]−1/2

(14)

where g2s(MZ)/(4π) = 0.1172 at MZ = 91.188 GeV.
Note that (13) is only valid when axion disappearance
processes can be neglected. In scenarios in which TR ex-
ceeds TD, this is not justified since there has been an early
period in which axions were in thermal equilibrium. In
this period, their production and annihilation proceeded
at equal rates. Thereafter, they decoupled as hot ther-
mal relics at TD, where all Standard Model particles are
effectively massless. The present yield of those thermal
relic axions is then given by Y eq

a = neq
a /s ≈ 2.6 × 10−3.

In Fig. 3 this value is indicated by the horizontal lines. In
fact, the thermally produced yield cannot exceed Y eq

a . In
scenarios with TR such that (13) turns out to be close to
or greater than Y eq

a , disappearance processes have to be
taken into account. The resulting axion yield from ther-
mal processes will then respect Y eq

a as the upper limit.
For example, for fPQ = 109GeV, this yield would show a
dependence on the reheating temperature TR that is very
similar to the one shown by the dotted line in Fig. 3. The
only difference will be a smooth transition instead of the
kink at Y TP

a = Y eq
a .

Axion decoupling temperature—The kinks in Fig. 3 in-
dicate the critical TR value which separates scenarios
with thermal relic axions from those in which axions have
never been in thermal equilibrium. Thus, for a given fPQ,

[Graf, FDS, arXiv:1008.4528]

[Masso et al., ’02; Sikivie, ’08; Graf, FDS, ’10]

4

10
8

10
9

10
10

10
11

10
12

10
-10

10
-8

10
-6

10
-4

10
-2

1

FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
= E

dWa

d3p

∣∣∣∣
soft

+ E
dWa

d3p

∣∣∣∣
hard

, (3)

which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion

g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.

self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p

∣∣∣∣
soft

= −
fB(E)

(2π)3
ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
PQ

[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
dWa

d3p

∣∣∣∣
hard

=
1

2(2π)3

∫
dΩp

4π

∫



3∏

j=1

d3pj
(2π)32Ej





× (2π)4δ4(P1 + P2 − P3 − P )Θ(k − kcut)

×
∑

f1(E1)f2(E2)[1± f3(E3)]|M1+2→3+a|2 (6)

= E
g6s(N

2
c − 1)

512π7f2
PQ

{
nf

fB(E)T 3

48π
ln(2)

+
(
Nc +

nf

2

) fB(E)T 3

48π

[
ln

(
T 2

k2cut

)
+

17

3
− 2γ +

2ζ′(2)

ζ(2)

]

+Nc(I
(1)
BBB − I(3)BBB) + nf (I

(1)
FBF + I(3)FFB)

}
(7)

with Euler’s constant γ, Riemann’s zeta function ζ(z),

I(1)BBB(FBF) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE1 ln

(
|E1 − E3|

E3

)

×
{
−Θ(E1 − E3)

d

dE1

[
fBBB(FBF)

E2
2

E2
(E2

1 + E2
3 )

]

+Θ(E3 − E1)
d

dE1
[fBBB(FBF)(E

2
1 + E2

3 )]

+Θ(E − E1)
d

dE1

[
fBBB(FBF)

(
E2

1E
2
2

E2
− E2

3

)]}
, (8)
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Gravitino Dark Matter from NLSP Decays

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

NLSP/s
)

TF

NLSP Decay: NLSP −→ G̃ + X

ΩNTP
eG h2 =

m eG YNLSP h2

ρc/s(T0)

=
( m eG

100 GeV

) (
YNLSP

3.7 × 10−11

)

=

(
m eG

mNLSP

)
ΩNLSPh2

[Covi, Kim, Roszkowski, ’99]

NLSP = Stau τ̃ :−→ ΩNTP
eG h2 $ 0.002

( meτ

100 GeV

)( m eG
100 GeV

)

NLSP $ Bino B̃:−→ ΩNTP
eG h2 ∼ 0.1

( m eB
100 GeV

) ( m eG
100 GeV

)
(model dep.)

[Covi, Kim, Roszkowski, ’99]

freeze out
m/Tf ~ 20

eq.

NLSP

T < 10 GeV

NLSP ! LSP + SM

electrically
charged

NLSP Candidates • lightest neutralino

• lighter stau

• lighter stop

• lightest sneutrino
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[Freitas, FDS, Tajuddin, Wyler, ’09]

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 τl̃1 . For a given thermal freeze-out yield of

negatively charged l̃−1 ’s, Yl̃−1
, our τl̃1 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
Ωa is governed by the initial misalignment angle Θi of the axion
field with respect to the CP-conserving position; cf. [6,9,32] and
references therein. With a sufficiently small Θi being an option,
Ωa # Ωdm is possible even for fa as large as 1014 GeV. We as-
sume Ωa # Ωdm 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 ΩTP

ã " Ωdm

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]: Ω therm

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

mã # 0.2 keV. For a scenario with Ω therm
ã $ Ωdm, 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 ΩTP

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

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
efficiently in scattering processes of particles that are in thermal
equilibrium within the hot MSSM plasma [3,5,35,36]. The efficiency
of this thermal axino production is sensitive to TR and fa and the
associated relic density reads [5]2

ΩTP
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) = √

4παs(TR) according to its 1-loop renormalization
group running within the MSSM from αs(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 3σ 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 ΩTP

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

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

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

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

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

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

20
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4

Furthermore, we only need to take into account the pro-
duction of the spin-1/2 components of the gravitino since
(11) implies M2

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

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

eG
cannot exceed the dark

matter density [25] Ω3σ
dmh2 = 0.105+0.021

−0.030 where h is the

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

ΩTP
eG

h2 ≤ 0.126 (13)

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

TR " 4.9 × 107 GeV
( m eG

10 GeV

)1/5

. (14)

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

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

ΩNTP
eG

h2 = m eGY dec
eτ1

s(T0)h
2/ρc , (15)

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

eτ1
depends on the concrete choice of

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

eG
into account. For

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

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

CONCLUSION

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

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

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

and TR not only confirm our previous findings [13] but are
also independent of the particular values of the CMSSM
parameters and hence robust in this class of models.

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

• Radiation content of the Universe at BBN and later

• More radiation ! faster expansion ! more efficient BBN of 4He

• More radiation ! later mat-rad eq ! visible in CMB + LSS

�rad =

⇤
1 +

7
8

(N⇥ + �Ne�)
�

T

T⇥

⇥4
⌅

��

number of neutrinos neutrino temperature

photon energy 
density

Parametrizes contribution of 
additional relativistic species

Data p.m./mean upper limit

Y IT
p + [D/H]p 0.76 < 1.97 (3�)

Y Av
p + [D/H]p 0.77 < 3.53 (3�)

CMB + HPS + HST 1.73 < 3.59 (2�)
BBN

CMB + LSS

[Graf,Steffen; arXiv:1208.2951]}
[Hamann et al.;’10]

Dark Radiation
3

TABLE I. Constraints on �Ne↵ from BBN and precision cos-
mology. The first two lines give the posterior maximum (p.m.)
and the minimal 99.7% credible interval imposed by BBN as
obtained in Ref. [4] using the indicated data sets and the prior
�Ne↵ � 0. The third line lists the mean and the 95% CL up-
per limit on �Ne↵ from the precision cosmology study [6]
based on CMB data, the Sloan Digital Sky Survey (SDSS)
data-release 7 halo power spectrum (HPS), and data from the
Hubble Space Telescope (HST). The last two lines provide the
mean and the 95% CL upper limit on �Ne↵ (= Ne↵ � 3.046)
as obtained by the Planck collaboration [8] when combining
Planck CMB data with WMAP polarization data (WP), data
from high-l experiments (highL), and data on baryon acoustic
oscillations (BAO). The values in the last line emerge when
results of Ref. [11] on a direct measurement of the Hubble
constant H0 are taken into account.

Data p.m./mean upper limit

Y IT
p [1] + [D/H]p [49] 0.76 < 1.97 (3�)

Y Av
p [2] + [D/H]p [49] 0.77 < 3.53 (3�)

CMB + HPS + HST [6] 1.73 < 3.59 (2�)

Planck+WP+highL+BAO [8] 0.25 < 0.79 (2�)

Planck+WP+highL+H0+BAO [8] 0.47 < 0.95 (2�)

To motivate the �Ne↵ values considered in our study,
we quote representative current constraints on �Ne↵ im-
posed by BBN and precision cosmology in Table I. The
first two lines have been obtained in a BBN-likelihood
analysis [4] based on the recent Yp studies of Izotov and
Thuan [1] and of Aver et al. [2]. Those studies report pri-
mordial 4He abundances of Y IT

p = 0.2565±0.001(stat.)±
0.005(syst.) and Y Av

p = 0.2561 ± 0.0108, respectively,
with errors referring to 68% intervals. Moreover, a pri-
mordial D abundance of log[D/H]p = �4.56 ± 0.04 [49]
and a free-neutron lifetime of ⌧n = 880.1±1.1 s [35] have
been used in the determination of the listed posterior
maxima (p.m.) and the 3� upper limits. The third line
gives the mean and the 95% confidence level (CL) up-
per limit on �Ne↵ obtained in the precision cosmology
study of Ref. [6] based on CMB data, the Sloan Digi-
tal Sky Survey (SDSS) data-release 7 halo power spec-
trum (HPS), and data from the Hubble Space Telescope
(HST). Compatibility with �Ne↵ = 0 is found at the 1–
2� level in both the BBN and that precision cosmology
study. While a more decisive compatibility test seems
to be di�cult for BBN investigations due to significant
systematic uncertainties (see e.g. [2]), the new results
of the Planck satellite mission have improved the �Ne↵

accuracy of precision cosmology investigations substan-
tially [8]. Even with the improved accuracy, compatibil-
ity with �Ne↵ = 0 is found to hold still at the 1–2� level.
In the last two lines of Table I we provide the mean and
the 95% CL upper limit on �Ne↵ (= Ne↵ � 3.046) ob-
tained by the Planck collaboration [8] when combining
CMB data from Planck with WMAP polarization data
(WP), data from high-l experiments (highL), and data
on baryon acoustic oscillations (BAO). The values in the

last line emerge with a Gaussian prior onH0 based on the
direct measurement of the Hubble constant of Ref. [11].
The Planck results quoted in Table I, still allow for (or

even favor) a relatively small amount of extra radiation,
e.g., from saxion decays and/or gravitino decays. With
the current BBN limits, the following scenarios are pos-
sible: (i) this small amount was already present at the
onset of BBN with no additional contribution after BBN,
(ii) this small amount was generated only well after BBN,
or (iii) part of this small amount was generated already
prior to BBN and the remaining part well after BBN.
We will see below that composition (i) is the only

one that can be realized in the considered gravitino LSP
case, whereas the alternative axino LSP case allows for
all three compositions. Contours of �Ne↵ = 0.25, 0.47,
0.79, and 0.95 will be explored in the respective parame-
ter regions corresponding to the means and the 2� upper
limits obtained by the Planck collaboration [8] as quoted
in the last two lines of Table I.1

III. HIGH-REHEATING-TEMPERATURE
SCENARIOS

Throughout this work it is assumed that inflation has
governed the earliest moments of the Universe, as sug-
gested by its flatness, isotropy, and homogeneity. Ac-
cordingly, any initial EWIP population was diluted away
by the exponential expansion during the slow-roll phase
of the inflaton field. A radiation-dominated epoch with
an initial temperature of TR emerged from the subse-
quent reheating phase in which inflaton decays repop-
ulate the Universe.2 While inflation models may point
to TR well above 1010 GeV, we limit our studies to the
case TR < fPQ in which no PQ symmetry restoration
takes place after inflation. Focussing on high-reheating
temperature scenarios with TR > 107 GeV, axions, sax-
ions, axinos, and gravitinos can be produced e�ciently
in thermal scattering of MSSM fields in the hot plasma.
Depending on the PQ scale fPQ and on TR, even scenar-
ios in which the fields of the axion supermultiplet were
in thermal equilibrium are conceivable.
For the axion and the saxion, our estimate for the de-

coupling temperature reads [4]

T a,�
D ⇡ 1.4⇥ 109 GeV

✓

fPQ

1011 GeV

◆2

. (2)

Following the approach of Ref. [4] and using our results
for thermal axino production presented below and in Ap-

1 Accidentally, �Ne↵ = 0.79 nearly coincides with the posterior
maxima from the BBN analysis of [4] quoted in Table I. Thus,
the respective contours allow us to infer also parameter regions
in which one finds the �Ne↵ value favored by BBN studies.

2 Inflaton decays into EWIPs may have been e�cient. However, we
do not include such contributions since there are inflation models
in which this production mechanism can be negligible [50, 51].

BBN

CMB + LSS
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Figure 5.1: Illustration of the CMB anisotropy power spectrum of a ⇤CDM model
for �Ne↵ = 0, 1, and 2 in black, red, and green, respectively. All other cosmological
parameters are set to their standard value. Spectrum obtained with CAMB [191].

well. This is called the Sachs–Wolfe (SW) e↵ect [189]. For l . 10, photons traveling
through a gravitational well (hill) gain (loose) some amount of net energy, because
the dominance of the late Universe by dark energy causes a smoothing of gravita-
tional anisotropies. This is usually referred to as the (late) integrated Sachs–Wolfe
(ISW) e↵ect. Since extra radiation has practically no e↵ect in the low multipole
region, we do not go into further detail here.

The second part contains the prominent acoustic peaks for 100 . l . 1000. The
underlying physics is as follows. Before the Universe becomes neutral, its compo-
nents form a tightly coupled photon-baryon fluid. Perturbations in the gravitational
potential drive oscillations in this fluid, with photon pressure as the main restoring
force and baryons giving some inertia. These oscillations produce time-variations
in the temperature. At the time of recombination, the photons decouple from the
baryons and propagate freely towards us. The first peak corresponds to oscilla-
tions that underwent one quarter of a period, reaching maximal compression. The
following peaks correspond to oscillations that started earlier and performed more
oscillations. Each gravitational perturbation seeds oscillations as soon as it enters
the horizon.

The last part is the damping tail at l & 1000. Here the amplitude of the peaks
resulting from the oscillations described above are damped because recombination
does not happen instantaneously. This process is called Silk damping [190].
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Figure 5.4: Abundance of light nuclei during BBN as a function of time t on the top
horizontal axis and the associated temperature at the bottom axis. The abundance
of H (or p) and n are depicted as the black solid and dotted line, respectively. All
other nuclei are shown with their abundance normalized to the one of H by the color
lines as labeled. Plot taken from [201].

neutrons that decay depends for a given ⌧
n

on the time between the freeze-out of
the weak interactions (5.13) and the deuterium bottleneck. Note that these two
points are defined via a certain critical temperature, not a certain time. So the
neutron abundance depends via (3.47) on the expansion rate of the Universe during
that interval. Therefore, by comparing the resulting Yp with observations, we can
infer informations about g⇤ during that epoch. In particular, we link Yp to �Ne↵ in
the next sections.

5.3.2 Observations

The amount of primordial 4He is inferred from measuring the helium to hydrogen
emission line ratio in clouds of ionized hydrogen, called HII regions. These regions
have a very low amount of nuclei heavier than He, called metal in astrophysics. This
is important, since 4He is produced in nuclear fusion in stars and, therefore, not all
measured 4He is of primordial origin. Stars produce other heavier nuclei also. Thus,
one expects some correlation between the amount of 4He and the metallicity of a
source. The extrapolation to zero metallicity then allows one to deduce Yp.

76 5.3. HINTS FROM BBN

Figure 5.5: Mass fraction of 4He plotted versus the ratio of oxygen over hydrogen
O/H of the seven targets of Ref. [202] with 1� error bars. The resulting primordial
Yp and the slope d(Y )/d(O/H) of a linear regression to zero metallicity are given.
Y m

p is the mean of the data points without regression. Plot taken from [72].

Unfortunately, measurements of the 4He abundance su↵er from large systematic
uncertainties, summarized, e.g., in Ref. [72]. Let us mention them briefly here. The
observed sources are extragalactic, so photons scatter on dust between the source
and the observer. The amount of scattering depends on the wavelength, thus it
a↵ects the line spectrum. Moreover, stellar spectra are hard to disentangle from the
emission spectrum of the HII region, and the region itself influences the emission lines
by absorbing some of the photons. The emission lines are both due to recombination
and collisional excitation, but only the former is relevant for the determination of Yp.

In Fig. 5.5, we show an example for the deduced Yp from sources mentioned in
Ref. [202] computed by Aver et al. [72]. The data points indicate the measured
amount of 4He dependent on the respective metallicity. The metallicity is expressed
by the ratio of oxygen over hydrogen, O/H. As given in the figure, the average of
these data points is Y m

p = 0.2566± 0.0028, with a 68% credible interval. Regression
to zero O/H yields

Y Av
p = 0.2561± 0.0108. (5.16)

On the one hand, this shows that the picture of primordial nucleosynthesis pre-
sented above is quite accurate, since this value is di↵erent from zero and within the
expectation of standard BBN. As we see in the next section, however, this value of

BBN CMB + LSS
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Planck 2013 results XVI: Cosmological Parameters

Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

P
m⌫. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

P
m⌫ weaken consider-

ably to

X
m⌫ <

8>><
>>:

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne↵

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e↵ective neu-
trino number Ne↵ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne↵ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne↵ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne↵ from Planck in scenarios where the
extra relativistic degrees of freedom are e↵ectively massless.

The physics of how Ne↵ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e↵ect is that increasing
the radiation density at fixed ✓⇤ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di↵usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di↵usion
length, ✓D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-` experiments gives

Ne↵ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne↵ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.0 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.0, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does mildly favour the high Ne↵
model (��2 = �1.6) since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (��2 = �0.5),
while the high-` experiments mildly disfavour high Ne↵ in our
fits (��2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.37)
is lower by 3.6 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.3)
and the H0 data (��2 = �2.8 giving an acceptable �2 = 2.4
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known
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which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on
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m⌫. If we relax spatial flatness, the CMB ge-
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6.3.2. Constraints on Ne↵

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e↵ective neu-
trino number Ne↵ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne↵ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne↵ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne↵ from Planck in scenarios where the
extra relativistic degrees of freedom are e↵ectively massless.

The physics of how Ne↵ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e↵ect is that increasing
the radiation density at fixed ✓⇤ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di↵usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di↵usion
length, ✓D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-` experiments gives

Ne↵ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne↵ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.0 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.0, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does mildly favour the high Ne↵
model (��2 = �1.6) since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (��2 = �0.5),
while the high-` experiments mildly disfavour high Ne↵ in our
fits (��2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.37)
is lower by 3.6 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.3)
and the H0 data (��2 = �2.8 giving an acceptable �2 = 2.4
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known
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∆Neff = 3.62 + 0.5 - 3.046 = 1.074 @ 95% CL
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In the gravitino LSP case, all heavier sparticles in-
cluding the LOSP and the axino are unstable. In turn,
each LOSP and each axino present in the Universe after
LOSP decoupling will decay directly or via a cascade into
one gravitino. Depending on YLOSP, the contribution to
⌦ eG from decays of thermal relic LOSPs can be small as
will be discussed below in more detail. This is di↵erent
for long-lived axinos that decay at temperatures below a
fiducial Tlow ⌧ TLOSP

D . For settings with ⌦TP
eG

⇠ ⌦CDM

and fPQ < 1012 GeV, their contribution

⌦ã! eGX
eG h2 = m eGY

eq/TP
ã (Tlow)s(T0)h

2/⇢c (16)

exceeds (15) by many orders of magnitude. This can be
immediately seen when comparing (5) and (7) with (9).
To avoid this excess, we focus in this section on eG LSP
scenarios in which axinos decay dominantly into gluons
and gluinos well before LOSP decoupling with a rate that
can be derived from the e↵ective Lagrangian (8),

�ã ' �ã!gg̃ =
↵2
sm

3
ã

16⇡3f2
PQ

 

1� m2
g̃

m2
ã

!3

. (17)

While the gluinos will be brought into chemical ther-
mal equilibrium when emitted prior to LOSP decoupling,
gravitinos from the rare axino decay ã ! a eG will still
contribute to the gravitino density

⌦ã!a eG
eG h2 = m eGBR(ã ! a eG)Y eq/TP

ã (Tlow)s(T0)h
2/⇢c
(18)

even when axinos decay well before LOSP decoupling,
i.e., at temperatures below the fiducial Tlow but above
TLOSP
D . The corresponding partial decay width [72, 73]
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governs the branching ratio of that rare decay7
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ã

m2
eG

 

1� m2
g̃

m2
ã
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where MP = mP/

p
8⇡ = 2.44 ⇥ 1018 GeV is the re-

duced Planck scale and the limit mã � m eG is consid-
ered. For example, we find a small branching ratio of
BR(ã ! a eG) . 10�5 for m eG & 1 GeV, fPQ . 1011 GeV,
and mã . 6 TeV well above mg̃ ⇠ 1 TeV. For large

7 Additional decays of the axino, e.g., into a neutralino LOSP or
another LOSP candidate are possible in the considered scenar-
ios. The corresponding partial decay width is suppressed by a
factor of O(↵2/↵2

s) with respect to �ã!gg̃ when mã is well above
mg̃ , where ↵ denotes the fine-structure constant; cf. Eq. (4) in
Ref. [38]. Their contribution to �ã can then be neglected.

Y
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eG
h2 can still contribute signifi-

cantly to the CDM density. Accordingly, we will consider

contours of ⌦TP
eG

h2 + ⌦ã!a eG
eG

h2 = 0.124 in this section.

In the eG LSP scenarios considered in this section, ax-
ions from decays of thermal saxions prior to BBN are the
only significant contribution to �Ne↵, as already men-
tioned in Sects. I and II. The Lagrangian that allows for
the relevant � ! aa decay reads [17]
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and the associated decay rate
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x2m3
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, (22)

where x =
P

i q
3
i v

2
i /v

2
PQ depends on the axion model with

qi denoting the charges and vi the vacuum expectation
values of the fundamental PQ fields [17]. For example,
x = 1 in a KSVZ axion model with just one PQ scalar
(with q = 1 and v = vPQ) and x ⌧ 1 in such a model
with two PQ scalars with q1 = �q2 = 1 and similar
vacuum expectation values, v1 ' v2 ' vPQ/

p
2. The two

scales vPQ =
p

P

i v
2
i q

2
i and fPQ are related via fPQ =p

2vPQ [4].
For m� & 1 GeV, the saxion decay into two gluons,

� ! gg, can become a competing decay mode towards
small values of x. The associated rate reads

��!gg =
↵2
sm

3
�

16⇡3f2
PQ

, (23)

and is derived from (8). The saxion decay into photons is
subdominant whenever the � ! gg decay is kinematically
viable, i.e., for m� above the threshold to form hadrons.
Saxion decays into gluinos or axinos are kinematically not
possible in the eG LSP case with m� = m eG. Accordingly,
the lifetime of the saxion and the branching ratio of its
decays into axions and into gluons are well described by
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respectively, with ↵s ⌘ ↵s(m�). For example, for x & 0.2
and m� & 10 GeV, one finds BR(� ! aa) & 0.9 so that
⌧� is governed by the decay into axions. Towards smaller
x and/or m�, the saxion decay into gluon pairs becomes
important with e↵ects discussed below.
When decaying, both the axino and the saxion are non-

relativistic. Accordingly, we encounter two types of de-
cays of non-relativistic particles: (i) decays into axions
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⌦ã! eGX
eG h2 = m eGY

eq/TP
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ã

!3

. (17)

While the gluinos will be brought into chemical ther-
mal equilibrium when emitted prior to LOSP decoupling,
gravitinos from the rare axino decay ã ! a eG will still
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eG
h2 can still contribute signifi-

cantly to the CDM density. Accordingly, we will consider

contours of ⌦TP
eG

h2 + ⌦ã!a eG
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�ã!a eG ' m5
ã
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7 Additional decays of the axino, e.g., into a neutralino LOSP or
another LOSP candidate are possible in the considered scenar-
ios. The corresponding partial decay width is suppressed by a
factor of O(↵2/↵2

s) with respect to �ã!gg̃ when mã is well above
mg̃ , where ↵ denotes the fine-structure constant; cf. Eq. (4) in
Ref. [38]. Their contribution to �ã can then be neglected.
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h2 can still contribute signifi-

cantly to the CDM density. Accordingly, we will consider
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h2 = 0.124 in this section.

In the eG LSP scenarios considered in this section, ax-
ions from decays of thermal saxions prior to BBN are the
only significant contribution to �Ne↵, as already men-
tioned in Sects. I and II. The Lagrangian that allows for
the relevant � ! aa decay reads [17]
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viable, i.e., for m� above the threshold to form hadrons.
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respectively, with ↵s ⌘ ↵s(m�). For example, for x & 0.2
and m� & 10 GeV, one finds BR(� ! aa) & 0.9 so that
⌧� is governed by the decay into axions. Towards smaller
x and/or m�, the saxion decay into gluon pairs becomes
important with e↵ects discussed below.
When decaying, both the axino and the saxion are non-

relativistic. Accordingly, we encounter two types of de-
cays of non-relativistic particles: (i) decays into axions
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ã

16⇡3f2
PQ

 

1� m2
g̃

m2
ã
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yields [47]
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where
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X
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q3
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v2
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In order to arrive at canonically normalized kinetic terms for axions and saxions in
(2.61), one defines

vPQ =

s

X

i

q2
i

v2
i

. (2.63)

This shows the connection of the PQ scale to the parameters of the fundamental
PQ fields. Note that (2.61) gives an interaction term of saxions with axions that is
not present in (2.59). This interaction depends on x and, therefore, on the details
of the underlying PQ model. For example, in the model presented above with the
superpotential given by (2.54), x = (v2

1 � v2
2)/v

2
PQ. This illustrates that x ⌧ 1 is

possible if v1 ' v2 ' vPQ/
p

2 [47, 64, 143]. On the other hand, in a KSVZ axion
model with just one PQ scalar (with v = vPQ and q = 1) [92], one finds x = 1.
There are other interaction terms resulting from the kinetic terms in (2.61) that we
omitted because they involve the axino or are of higher order in 1/vPQ.

In order to arrive at a consistent definition of the two scales, vPQ, inferred from
canonically normalized kinetic terms, and fPQ, defined by the prefactor of the e↵ec-
tive interaction in (2.59), one has to derive both values from the fundamental PQ
fields as done here.

Note that an alternative convention with h�
i

i = ṽ
i

/
p

2 and fPQ =
p

P

i

ṽ2
i

q2
i

can be
found in the literature [56]. Then, �

i

= (ṽ
i

/
p

2) exp[q
i

(� + ia)/fPQ]. Indeed, with
this convention, one arrives directly at an agreement of (2.57) with the corresponding
term in (2.59). However, we prefer to work explicitly with both fPQ and vPQ also to
allow for a direct comparison with literature that uses the parameterization given
in (2.56) or a directly related one; see e.g. Refs. [62,92] or [64,80,141] in which their
fPQ or F

a

agree with our vPQ.

Having derived the Lagrangian for all relevant interactions, we now list the important
properties for our cosmological studies.

2.5 Properties of the PQ Particles

All interactions of the PQ particles are suppressed by 1/fPQ. Numerous laboratory,
astrophysical and cosmological limits imply [12,36]

fPQ & 6⇥ 108 GeV, (2.64)
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Gravitino Dark Matter Scenario

• Gravitino is the stable LSP (R-parity conservation is assumed)

• Axino is heavy & unstable (decays prior to LOSP decoupling)

• Saxion decays into axion dark radiation

• Axion contributes to dark radiation and dark matter

• Sneutrino NLSP case allows for thermal leptogenesis
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FIG. 1. (a) Time evolution of the energy per comoving volume, R3⇢, of axinos (dash-dotted), saxions (dashed), axions (dotted)
and other radiation (solid) and of entropy S (dash-double-dotted). Here m� = 100 GeV, mã = 6 TeV, mg̃ = 1 TeV,
TR = 109 GeV, and fPQ = 1011 GeV. The initial value of the scale factor is set to Ri = 1 GeV�1 at the temperature Ti = 1 TeV
corresponding to a time of ti = 1.6⇥ 10�13 s. Black (gray) lines refer to the case with x = 1 (0.02). (b) The dilution factor �
as a function of the reheating temperature TR for x = 1, 0.2, 0.1, and 0.02 shown by the solid, dashed, dotted, and dash-dotted
lines, respectively. Black (gray) lines are obtained with m� = 20 (100) GeV, whereas all other parameter are as in panel (a).

TABLE III. The temperature Tafter at which �ã ' 3H for
di↵erent combinations of the PQ scale fPQ, the axino mass
mã, and the gluino mass mg̃ together with the LOSP mass
mmax

LOSP for which TLOSP
D ' mLOSP/25 ' Tafter.

fPQ mã mg̃ Tafter mmax
LOSP

[GeV] [TeV] [TeV] [GeV] [GeV]

1010 2 1 (1.25) 13 (9) 325 (225)

5⇥ 1010 3 1 (1.25) 6 (5) 150 (135)

1011 6 1 (1.25) 10 (9) 250 (235)

shows explicitly that the viability of these gravitino LSP
scenarios requires the axino to be quite heavy and the
LOSP to be relatively light.

Figures 2(a)–(c) show the amount of extra radiation
�Ne↵ provided by axions from decays of thermal sax-
ions for x = 1 together with the upper limit on TR

imposed by ⌦TP
eG

h2  0.129 at the 3� level. The solid

black (gray) contours indicate ⌦TP
eG

h2 = 0.129 for m1/2 =
400 (500) GeV. The high TR regions above these contours
are disfavored by overly e�cient gravitino production.
The dashed, dotted, and dash-dotted contours indicate
�Ne↵ = 0.78, 0.52, and 0.26, respectively. Here black
(gray) contours are obtained with mg̃ = 1 (1.25) TeV,

which is compatible with m1/2 = 400 (500) GeV used to
evaluate ⌦TP

eG
. The TR dependence of the �Ne↵ contours

disappears for cosmological scenarios with TR > T �
D. The

di↵erence between the black and gray �Ne↵ contours for
a fixed �Ne↵ results from the dependence of the dilution
factor � on mg̃. The corresponding dilution factors �
can be read from Fig. 2(d). The enhanced kinematical
suppression of axino decays for a heavier gluino leads to
a longer axino lifetime and thereby to a larger �, which
also can be seen in (B5) of Appendix B. This dilutes

Y
eq/TP
� or ⇢a more strongly and thus reduces�Ne↵ corre-

spondingly at a given combination ofm� and TR; cf. (B8)
and (B10) in Appendix B. Moreover, in Figs. 2(b) and
(c), one can see kinks in the �Ne↵ contours at TR values
below T �

D. Those kinks appear at the same TR values as
the kinks in Fig. 2(d) and indicate the point above which
TR > T ã

D. The dilution factors obtained for mg̃ = 1
and 1.25 TeV are also included in the calculation of the
⌦TP

eG
contours for m1/2 = 400 and 500 GeV, respectively.

Indeed, the kinks in the ⌦TP
eG

contours visible in the pan-
els (b) and (c) result from the � behavior shown in
panel (d). Despite the larger � for larger mg̃, the TR

limit imposed by ⌦TP
eG

 ⌦CDM is still more restrictive
for larger m1/2 due to the Mi dependence of (9).

As one can see from Figs. 2(a)–(c), axions from sax-
ion decay can contribute to the amount of extra radi-
ation. However, for the considered x = 1 case, val-

saxion ➞ 2 axions

saxion ➞ 2 gluons 

axino ➞ gluon + gluino

Gravitino Dark Matter Scenario

[Graf, FDS, 1302.2143]

axino ➞ axion + gravitino
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values imply the branching ratio BR(� ! aa) & 0.9. For m
�

below the threshold to
form hadrons, where � ! �� is the competing decay, the decay into axions governs
⌧
�

for even smaller values of x, e.g., for e
Q

= 1 and x = 0.02, we still find the
branching ratio BR(� ! aa) & 0.9. The decay into gluinos is never dominant.

If m
ã

> m
g̃

, the dominant axino decay channel from (2.59) is the decay into a gluon
and a gluino with the associated decay width

�
ã!gg̃

=
↵2

s

m3
ã

16⇡3f 2
PQ

✓

1� m2
g̃

m2
ã

◆3

. (2.70)

There are other decay channels possible depending on the mass hierarchy, but for
our purposes this is the only decay width we need.

For the gravitino, we just need the details of its decay width into axinos and axions.
To get this term, we plug (2.44) into (2.41), apply (2.27) and find for the interaction
Lagrangian in four-component notation

L e
Gãa

=
1

2

�

@
µ

� 
M⌫

�µ�⌫ ¯̃a
M

+ i@
µ

a 
M⌫

�µ�⌫�5ã
M

�

. (2.71)

The resulting Feynman rules are given in Appendix C. In order to calculate the
squared matrix element of the gravitino decay width into axinos and axions, we
need the polarization tensor of a gravitino with momentum P [148]

⇧
µ⌫

(P ) = �(6P + m e
G

)

 

⌘
µ⌫

� P
µ

P
⌫

m2
e
G

!

� 1

3

✓

�µ +
P

µ

m e
G

◆

(6P �m e
G

)

✓

�⌫ +
P

⌫

m e
G

◆

.

(2.72)
With this tensor and for mass hierarchies with m e

G

> m
ã

, we arrive at the decay
width

� e
G!ãa

=
(m e

G

�m
ã

)5(m e
G

+ m
ã

)3

192⇡m5
e
G

M2
Pl

, (2.73)

which in the case of m e
G

� m
ã

reduces to [48,149]

� e
G!ãa

' m3
e
G

192⇡M2
Pl

. (2.74)

In the next chapter, we use the Feynman rules obtained from (2.59) to calculate the
axion and saxion production rate in the early Universe and provide also an update
of the production rate of the axino.
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FIG. 2. (a)–(c) Contours of �Ne↵ = 0.25 (dash-dotted), 0.47 (dotted), and 0.79 (dashed) provided by axions from decays of
thermal saxions and of ⌦ eGh

2 = 0.124 (solid) in the m eG–TR parameter plane for gravitino LSP scenarios with m� = m eG and
x = 1. Black (gray) curves are obtained with m1/2 = 400 (500) GeV and mg̃ = 1 (1.25) TeV. The PQ scale and the axino
mass are set to (a) fPQ = 1010 GeV and mã = 2 TeV, (b) fPQ = 5 ⇥ 1010 GeV and mã = 3 TeV, and (c) fPQ = 1011 GeV
and mã = 6 TeV, respectively. Regions above the solid lines are disfavored by ⌦ eG exceeding ⌦CDM at the 3� level. (d) The
dilution factor � as a function of the reheating temperature TR for x = 1. The black (gray) solid, dashed, and dotted lines are
obtained with mg̃ = 1 (1.25) TeV for the fa and mã combinations considered in panels (a), (b), and (c), respectively.

kink on the solid line in Fig. 3(b) that appears for x = 0.1
at TR = T �

D can still be understood as a manifestation
of this. For even smaller x values below 0.1, the dilution
from saxion decays can become substantial, as shown in

Fig. 1. Together with the decreasing branching ratio (25),
this then leads to a reduction of �Ne↵, which can also
be seen in (B10) of Appendix B. In fact, we find the
maximum viable �Ne↵ values for x ⇠ 0.1.

Gravitino Dark Matter Scenario
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[Pospelov, Pradler, FDS, ’08]  (C)BBN Constaints

Constraints from the catalysis of 9Be

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

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

T ! 8 keV

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

This plot assumes

Yeτ1
! 7×10−14

( meτ1

100 GeV

)

→ generic?

disfavored
by

cosmological
constraints

Gravitino LSP Case with a Charged Slepton NLSP
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Particle Physics Cosmology
• 2016: Large Hadron Collider (14 TeV)
  sneutrino discovery at ATLAS & CMS

• Intrinsic fine tuning problems

   ? Hierarchy Problem (mH << MPlanck)

   ? Strong CP Problem  (ΘQCD << 1)

   ? Small Neutrino Masses (mν << mH)

mH = 125 GeV
68%

27%5%

Standard
particles

dark energy

gravitino EWIP
dark matter

• 2013: Planck sky map
   of the CMB radiation

• Cosmological puzzles

   ? Matter-Antimatter Asymmetry

   ? Particle Identity & Origin of Dark Matter

   ? Dark Energy = Cosmological Constant

ESA

msneutrino = 415 GeV

thermal leptogenesis
✔

✔
thermally produced gravitinos

✔

✔
supersymmetry

Peccei-Quinn symmetry
✔

See-saw mechanism
?

28
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Axion Dark Matter Scenario

• Axino is a very light stable LSP (R-parity conservation)

• Gravitino is the NLSP and decays into axion & axino dark radiation

• Saxion decays into axion dark radiation

• Axion contributes to dark radiation and dark matter

• Stau NLSP case & thermal leptogenesis is possible
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 : a phase of the exponential expansion.
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the density fluctuations.
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

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

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

eG
“

p
MPl

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

extremely weak NLSP decays ← warm + eτ collection

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

BBN

CMB

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

[Pradler, FDS, ’06]

[Rychkov, Strumia, ’07] (gauge dep.)

Thermal Gravitino Production in SUSY QCD
• A: ga + gb → g̃c + eG
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• B: ga + g̃b → gc + eG (crossing of A)

• C: q̃i + ga → q̃j + eG qi

g
a

qj

a

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

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

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
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• H: q̃i + g̃a → q̃j + eG qi

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

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

LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

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

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

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

eG
“

p
MPl

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

extremely weak NLSP decays ← warm + eτ collection

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

BBN

CMB

γ rays
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Very Early Hot Universe

T ~ 107 GeV

24

Thermal Axion 
Production
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2

Process A: ga + gb → gc + a
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a

+
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gc
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gb gc
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Process B: qi + q̄j → ga + a
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q̄j
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ga

Process C: qi + ga → qj + a (crossing of B)

FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C exists also with antiquarks q̄i,j replacing qi,j .

the particles in the given order. Working in the limit,
T ! mi, the masses of all particles involved have been ne-
glected. Sums over initial and final spins have been per-
formed. For quarks, the contribution of a single chirality
is given. The results obtained for processes A and C point
to potential infrared (IR) divergences associated with the
exchange of soft (massless) gluons in the t-channel and u-
channel. Here screening effects of the plasma become rel-
evant. To account for such effects, the QCD Debye mass
mD =

√
3mg with mg = gsT

√
Nc + (nf/2)/3 for Nc = 3

colors and nf = 6 flavors was used in Ref. [3]. In con-
trast, our calculation relies on HTL resummation [9, 10]
which treats screening effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT # kcut # T in the weak coupling
limit gs # 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and
hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
= E

dWa

d3p

∣∣∣∣
soft

+ E
dWa

d3p

∣∣∣∣
hard

, (3)

which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion

g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.

self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p

∣∣∣∣
soft

= −
fB(E)

(2π)3
ImΠa(E + iε, #p)|k<kcut

(4)

= EfB(E)
3m2

gg
4
s(N

2
c − 1)T

8192π8f2
PQ

[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.
In the region with k > kcut, bare gluon propagators

can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
dWa

d3p
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hard

=
1

2(2π)3

∫
dΩp

4π

∫



3∏

j=1

d3pj
(2π)32Ej





× (2π)4δ4(P1 + P2 − P3 − P )Θ(k − kcut)

×
∑

f1(E1)f2(E2)[1± f3(E3)]|M1+2→3+a|2 (6)

= E
g6s(N

2
c − 1)

512π7f2
PQ

{
nf

fB(E)T 3

48π
ln(2)

+
(
Nc +

nf

2

) fB(E)T 3

48π

[
ln

(
T 2

k2cut

)
+

17

3
− 2γ +

2ζ′(2)

ζ(2)

]

+Nc(I
(1)
BBB − I(3)BBB) + nf (I

(1)
FBF + I(3)FFB)

}
(7)

with Euler’s constant γ, Riemann’s zeta function ζ(z),

I(1)BBB(FBF) =
1

32π3

∫
∞

0
dE3

∫ E+E3

0
dE1 ln

(
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E3

)

×
{
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[
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)]}
, (8)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany IPMU Colloquium, 10 June 2009, Tokyo, Japan

Creation of Cosmological Axions

T ~ fa (very early universe)

• UPQ(1) spontaneously broken

• Higgs field settles in 
“Mexican hat”

• Axion field sits fixed at

a1 = !1 fa

a

V(a)

a

V(a)

!=0
_

T ~ 1 GeV (H ~ 10"9 eV)

• Axion mass turns on quickly
by thermal instanton gas

• Field starts oscillating when
ma ! 3H

• Classical field oscillations
(axions at rest)

• Axion number density in comoving volume conserved

• Axion mass density today:
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Lee-Weinberg Curve for Axions

[Graf, Steffen, ’12]
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FIG. 7. The density parameters of the axion condensate
from the misalignment mechanism ⌦MIS

a h

2 for ✓i = 0.01,
0.1, and 1 (dotted lines), of non-thermally produced axions
from decays of thermal saxions ⌦NTP

a h

2 for �Ne↵ = 3.59
(solid), 1.73 (dashed), and 0.26 (dash-dotted), and of ther-

mal relic/thermally produced axions ⌦eq/TP
a h

2 for TR = 108

(black) and 1010 GeV (gray). The dotted line connected to
the latter indicates ⌦eq

a h

2 for larger TR with TR > TD. The
dark matter density parameter ⌦CDMh

2 ' 0.1 [60] is indi-
cated by the horizontal gray bar. As in Fig. 5, we consider
�Ne↵ at T ⌧ 1 and show values based on the CMB + HPS +
HST result [48] quoted in Table II and the expected 68% CL
sensitivity of the Planck satellite mission [53, 54].

labeled dotted lines indicate ⌦MIS
a h2 of the axion con-

densate from the misalignment mechanism for ✓i = 0.01,
0.1, and 1. For ✓i ⇠ 1 and fPQ ⇠ 1012 GeV, this cold
axion population can explain the dark matter density
⌦CDMh2 ' 0.1 [60] displayed by the gray bar.

Considering the 2� limit �Ne↵ < 3.59 in Fig. 7, one
sees that it constrains ⌦NTP

a h2 to values that stay below
the photon density ⌦�h

2 ' 2.5⇥ 10�5 [60]. Remarkably,
Planck results are expected to probe even much smaller
⌦NTP

a . The testable values can be as small as an or-
der of magnitude below ⌦� if axions emitted in decays
of thermal saxions are the only significant contribution
to �Ne↵. In contrast and similarly to the non-SUSY
case [17], it will remain to be extremely challenging to
probe the axion population from thermal processes with
its small contribution of �Ne↵ . 0.01.

Note that m� changes along the ⌦NTP
a h2 curves in

Fig. 7 for fixed TR and x since we indicate results for fixed
values of �Ne↵. Indeed, additional BBN constraints can
disfavor parts of the shown contours when T� < 1 MeV.
For T� > 1 MeV, BBN constraints on �Ne↵ – such as
the ones considered in Fig. 4 – can also be displayed in
terms of ⌦NTP

a h2. On the logarithmic scale considered in
Fig. 7, they are similar to the shown ones.

Taking into account the relation between fPQ and
ma, the analog of a Lee–Weinberg curve is given by

⌦ah
2 � ⌦MIS

a h2 + ⌦NTP
a h2 + ⌦eq/TP

a h2 and can be in-
ferred from Fig. 7. Depending on the initial displacement
of the saxion field from the vacuum, �i, and on the mass
spectrum, there can be additional contributions to the
axion density parameter, e.g., from decays of the saxion
condensate into axions and/or a gravitino NLSP into ax-
ions and LSP axinos. In such cases, sizable additional
contributions also to �Ne↵ are possible which will a↵ect
the ⌦NTP

a h2 contours in Fig. 7. Thus the shown contours
should be understood as conservative maximum values.
One can consider Fig. 7 as a SUSY generalization of

Fig. 4 in Ref. [17], which allows one to infer the axion
analog of the Lee–Weinberg curve in non-SUSY scenar-

ios. Whereas ⌦eq/TP
a h2 can govern the axion density for

small ✓i and/or small fPQ in non-SUSY scenarios [17],

we find ⌦NTP
a h2 & 2⌦eq/TP

a h2 in the considered SUSY
scenarios. This can be seen in Fig. 7 and when com-
paring (40) and (42). If SUSY and a hadronic axion
model are realized in nature, the axion density param-
eter can thus be governed by non-thermal axions from
decays of thermal saxions and/or the axion condensate
from the misalignment mechanism. Interestingly, both
of these populations may be accessible experimentally:
While signals of the axion condensate are expected in
direct axion dark matter searches [80], the findings of
�Ne↵ studies may already be first hints for the existence
of non-thermal axions from saxion decays.

IX. CONCLUSION

We have explored thermal production processes of ax-
ions and saxions in the primordial plasma, resulting ax-
ion populations and their manifestations in the form of
extra radiation �Ne↵ prior to BBN and well thereafter.
The considered SUSY axion models are attractive for a
number of reasons. For example, they allow for simulta-
neous solutions of the strong CP problem, the hierarchy
problem, and the dark matter problem.
Here we have focussed on the saxion, which can be a

late decaying particle and as such be subject to various
cosmological constraints. We find that the saxion decay
into two axions is often the dominating one. For a saxion
mass of m� & 1 GeV, such decays occur typically before
the onset of BBN. We have shown that the emitted ax-
ions can then still be relativistic at the large scattering
surface. Thereby, they can provide sizable contributions
to extra radiation �Ne↵ that is testable in BBN studies
and in precision cosmology of the CMB and the LSS.
We have aimed at a consistent description of both the

thermal axion/saxion production and of saxion decays
into axions. This has motivated our careful derivations of
the Lagrangian Lint

PQ that describes the interactions of the
PQ multiplet with quarks, gluons, squarks, and gluinos
and of Lkin

PQ that describes the interactions of saxions
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for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh
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this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 4. (a) Time evolution of the energy per comoving volume, R3⇢, of saxions (dashed), gravitinos (dash-dotted), dark
radiation in the form of axions and axinos (dotted) and other radiation (solid). Here m� = m eG = 100 GeV, mã . 37 eV,
m1/2 = 400 GeV, TR = 5 ⇥ 109 GeV, and fPQ = 1012 GeV. The initial value of the scale factor is set to Ri = 1 GeV�1 at an
initial temperature of Ti = 1 TeV corresponding to an initial time of ti = 1.6 ⇥ 10�13 s. Black (gray) lines refer to the case
with x = 1 (0.02). (b) The dilution factor � as a function of the reheating temperature TR for x = 1, 0.2, 0.1, and 0.02 shown
by the solid, dashed, dotted, and dash-dotted lines, respectively, in axino LSP scenarios with the gravitino NLSP. Black (gray)
lines are obtained with m� = 50 (100) GeV, whereas all other parameter are as in panel (a).

or 600 GeV. The latter is compatible with mg̃ = 1.5 TeV
at collider energies. The region with ⌧ eG < 5.2 ⇥ 1010 s
is not considered and indicated by a vertical gray dotted
line at m eG ' 35 GeV.

In Fig. 5(a) the solid black (gray) lines show�N�!aa
e↵ +

�N
eG!aã
e↵ = 0.95 and the dashed lines �N

eG!aã
e↵ = 0.95

for m1/2 = 400 (600) GeV and x = 1. To allow for a com-

parison, the diagonal dotted line indicates �N
eG!aã
e↵ =

0.95 as obtained for m eG = 1 TeV with the existing
result of Ref. [22] based on the sudden decay approxi-
mation. The di↵erence with respect to the correspond-
ing dashed line is due to the sudden decay approxima-
tion, which overestimates �Ne↵ by about 13%, and the
omissions of electroweak and spin-3/2 contributions in
the gravitino yield Y TP

eG
used in Ref. [22]. Including

the electroweak contributions increases Y TP
eG

by about
20% at m eG ⇠ 35 GeV, while the importance of the
spin-3/2 components becomes much more pronounced
towards larger m eG. Comparing the respective dashed
and solid lines, we find that �N�!aa

e↵ contributions lead
to an additional sizable �Ne↵ increase. In fact, for
m� & 100 GeV, they tighten the upper limit on TR im-
posed by the 2� upper limit �Ne↵ < 0.95 derived from
the Planck+WP+highL+H0+BAO data set [8] by up to
almost one order of magnitude. For further comparison,
we refer to Fig. 6 in Ref. [4], where �N�!aa

e↵ only is

presented as obtained in the sudden decay approxima-
tion. Also (B10) and (B13) in Appendix B of this work
are approximate analytical expressions respectively for

�N�!aa
e↵ and �N

eG!aã
e↵ that are based on the sudden

decay approximation.
Figure 5(a) demonstrates how the �Ne↵ contours will

move if LHC experiments point to mg̃ & 1.5 TeV and
thereby to m1/2 & 600 GeV. These changes are gov-

erned fully by�N
eG!aã
e↵ whereas�N�!aa

e↵ is not a↵ected.
At this point, we should stress that a collider measure-
ment of the LOSP massmLOSP will limitm eG from above.
While the chosen m1/2 values can imply an mLOSP value
that is well below 1 TeV, we refrain from presenting such
an upper limit for m eG since it will depend strongly on
other details of an assumed SUSY model as well.
The �Ne↵ = 0.95 contours illustrate the impact of the

results from the Planck satellite mission. While Planck
does not find any statistically significant hints for extra
radiation, the contour �Ne↵ = 0.95 provides the new
upper limit on TR at the 2� level as obtained from the
Planck+WP+highL+H0+BAO data set [8]. For x = 1,
the viability of TR & 109 GeV will then depend onmLOSP

and on other LOSP-related cosmological constraints dis-
cussed below.
Let us now turn to the case of x < 1. Figure 5(b) shows

�N�!aa
e↵ + �N

eG!aã
e↵ = 0.95 contours for x = 1 (solid),

0.2 (dashed), 0.1 (dotted), 0.02 (dash-dotted), and 0.01
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values imply the branching ratio BR(� ! aa) & 0.9. For m
�

below the threshold to
form hadrons, where � ! �� is the competing decay, the decay into axions governs
⌧
�

for even smaller values of x, e.g., for e
Q

= 1 and x = 0.02, we still find the
branching ratio BR(� ! aa) & 0.9. The decay into gluinos is never dominant.

If m
ã

> m
g̃

, the dominant axino decay channel from (2.59) is the decay into a gluon
and a gluino with the associated decay width

�
ã!gg̃

=
↵2

s

m3
ã

16⇡3f 2
PQ

✓

1� m2
g̃

m2
ã

◆3

. (2.70)

There are other decay channels possible depending on the mass hierarchy, but for
our purposes this is the only decay width we need.

For the gravitino, we just need the details of its decay width into axinos and axions.
To get this term, we plug (2.44) into (2.41), apply (2.27) and find for the interaction
Lagrangian in four-component notation

L e
Gãa

=
1

2

�

@
µ

� 
M⌫

�µ�⌫ ¯̃a
M

+ i@
µ

a 
M⌫

�µ�⌫�5ã
M

�

. (2.71)

The resulting Feynman rules are given in Appendix C. In order to calculate the
squared matrix element of the gravitino decay width into axinos and axions, we
need the polarization tensor of a gravitino with momentum P [148]

⇧
µ⌫

(P ) = �(6P + m e
G

)

 

⌘
µ⌫

� P
µ

P
⌫

m2
e
G

!

� 1

3

✓

�µ +
P

µ

m e
G

◆

(6P �m e
G

)

✓

�⌫ +
P

⌫

m e
G

◆

.

(2.72)
With this tensor and for mass hierarchies with m e

G

> m
ã

, we arrive at the decay
width

� e
G!ãa

=
(m e

G

�m
ã

)5(m e
G

+ m
ã

)3

192⇡m5
e
G

M2
Pl

, (2.73)

which in the case of m e
G

� m
ã

reduces to [48,149]

� e
G!ãa

' m3
e
G

192⇡M2
Pl

. (2.74)

In the next chapter, we use the Feynman rules obtained from (2.59) to calculate the
axion and saxion production rate in the early Universe and provide also an update
of the production rate of the axino.
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FIG. 5. Contours of∆Neff provided by axions from decays of thermal saxions, ∆Nσ→aa
eff , and by axions and axinos from decays of

thermally produced gravitinos, ∆N G̃→aã
eff , in themG̃–TR parameter plane in axino LSP scenarios with the gravitino NLSP, where

mσ = mG̃, mã ! 37 eV, and fPQ = 1012 GeV. In panel (a), x = 1 and black (gray) contours refer to m1/2 = 400 (600) GeV.

Here we show solid contours of ∆Nσ→aa
eff +∆N G̃→aã

eff = 0.78 and 3.59 and dashed contours of ∆N G̃→aã
eff = 3.59. The diagonal

dotted line indicates the latter as well but as obtained with the ∆N G̃→aã
eff estimate from Ref. [20]. In panel (b) we show

solid, dashed, dotted, and dash-dotted contours of ∆Nσ→aa
eff +∆N G̃→aã

eff = 3.59 for x = 1, 0.2, 0.1, and 0.02, respectively, and
m1/2 = 400 GeV. The regions above these contours are disfavored by precision cosmology at the 2σ level. The vertical dotted
line indicates the lower limit on mG̃ from the requirement τG̃ ! 5.2× 1010 s in both panels.

the TR dependences of the saxion yield. To see this more
explicitly and for further comparison, we refer to Fig. 6 in
Ref. [4], where ∆Nσ→aa

eff only is presented as obtained in
the sudden decay approximation. Also (B10) and (B13)
in Appendix B of this work are approximate analytical

expressions respectively for ∆Nσ→aa
eff and ∆N G̃→aã

eff that
are based on the sudden decay approximation.

Figure 5(a) demonstrates how the ∆Neff contours will
move if LHC experiments point to mg̃ " 1.5 TeV and
thereby to m1/2 " 600 GeV. These changes are gov-

erned fully by∆N G̃→aã
eff whereas∆Nσ→aa

eff is not affected.
At this point, we should stress that a collider measure-
ment of the LOSP massmLOSP will limit mG̃ from above.
While the chosen m1/2 values can imply an mLOSP value
that is well below 1 TeV, we refrain from presenting such
an upper limit for mG̃ since it will depend strongly on
other details of an assumed SUSY model as well.

The difference between the solid ∆Neff = 3.59 and
∆Neff = 0.78 contours illustrates the possible impact
of results from the Planck satellite mission. If Planck
should not find any statistically significant hints for ex-
tra radiation, then the contour ∆Neff = 0.78 can provide
the new upper limit on TR at the 3σ level. For x = 1, the
viability of TR " 109GeV will then depend on mLOSP

and on other LOSP-related cosmological constraints dis-

cussed below.

Let us now turn to the case of x < 1. Figure 5(b) shows

∆Nσ→aa
eff +∆N G̃→aã

eff = 3.59 contours for x = 1 (solid),
0.2 (dashed), 0.1 (dotted), and 0.02 (dash-dotted), where
m1/2 = 400 GeV. Corresponding dilution factors ∆ have
already been shown in Fig. 4(b) and discussed thereafter.

The x dependence of ∆N G̃→aã
eff results fully from the one

of ∆ so that this contribution decreases towards x → 0.
In contrast, for the same reasons as in the previous sec-
tion, ∆Nσ→aa

eff increases towards smaller x in the interval
0.1 ! x < 1, reaches its maximum at x ∼ 0.1, and de-
creases thereafter, i.e., towards smaller x ! 0.1. The

latter behavior transfers to ∆Nσ→aa
eff +∆N G̃→aã

eff , as can
be seen in Fig. 5(b). Here the most restrictive upper TR

limit is found for x = 0.1 and the most relaxed one for
x = 0.02, where ∆Nσ→aa

eff +∆N G̃→aã
eff $ ∆N G̃→aã

eff .

In Fig. 6 we explore how ∆Nσ→aa
eff +∆N G̃→aã

eff (solid)

can emerge as a composition of a late ∆N G̃→aã
eff (dashed)

and an early ∆Nσ→aa
eff (dotted) for (a) x = 1, (b) 0.2,

(c) 0.1 and (d) 0.02. In each panel, we consider m1/2 =
400 GeV and show gray and black contours of ∆Neff =
0.78 and 1.73, respectively. For the reasons discussed
above, i.e., taken the posterior maxima and the mean
listed in Table I at face value, we are particularly in-

before Planck

after Planck
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Figure 21: Cosmological constraints on fa and mG̃ for (a) mτ̃ = 300 GeV and (b) mτ̃ = 1 TeV and
m2

ã/m
2
τ̃ ! 1, |eQ| = 1/3, y = 1, mB̃ = 1.1mτ̃ and Yτ̃ = 0.7×10−12 (mτ̃/1 TeV). The regions above

the long-dash-dotted (red) and the solid lines (6Li, 9Be) are disfavoured by the CBBN constraints
associated with (4.34) and (4.35). No hadronic BBN constraints appear in panel (a). In panel (b) the
ones associated with (4.26) disfavour the region between the two short-dash-dotted (blue, Dsev

had)
lines. Electromagnetic BBN constraints associated with 3He/D disfavour the regions above the
double-dash-dotted (green) line. In panel (a) the electromagnetic BBN constraints associated with
D disfavour the regions between the two leftmost dashed (blue, Dsev

em ) lines and to the right of
the corresponding 3rd line from the left-hand side or the region above the rightmost of those
lines (Dcons

em ). In panel (b) the corresponding disfavoured regions are the ones to the right of the
leftmost dashed (blue, Dsev

em ) lines and the ones to the right of the corresponding rightmost (broken,
Dcons

em ) line. Contours of ττ̃ = 102, 104, and 106 s are shown by the dotted lines, and contours of
x ≡ Γ2b

ã /Γτ̃ ,2b
tot [$ BR(τ̃R → τ ã)] = 0.01, 0.5 and 0.99 by the solid grey lines, as in Fig. 19.

CBBN constraints associated with (4.34) and (4.35). Again, these lines are located close

to the ττ̃ ≈ 5× 103 s contour (not shown). The hadronic BBN constraints associated with

(4.26) show up in panel (b), where they disfavour the region enclosed in the L-shaped

strip bounded by the two short-dash-dotted (blue) lines. These severe constraints do not

appear in panel (a), and also the conservative constraints associated with (4.27) are absent

in both panels, which is consistent with Fig. 5 (a) of Ref. [39] and Fig. 6 of Ref. [47]. The

electromagnetic BBN constraints lie well within the region already disfavoured by CBBN in

our panels (a) and (b). Here the 3He/D constraint disfavours the regions above the double-

dash-dotted (green) line. Moreover, in panel (a) the D constraint disfavours the regions

between the two leftmost dashed (blue, Dsev
em ) lines and to the right of the corresponding

3rd line from the left-hand side or the region above the rightmost of those lines (Dcons
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Figure 21: Cosmological constraints on fa and mG̃ for (a) mτ̃ = 300 GeV and (b) mτ̃ = 1 TeV and
m2

ã/m
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em ) lines and to the right of the corresponding

3rd line from the left-hand side or the region above the rightmost of those lines (Dcons
em ),

whereas in panel (b) the regions to the right of the leftmost dashed (blue, Dsev
em ) lines and

the ones to the right of the corresponding rightmost (broken, Dcons
em ) line are disfavoured.
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FIG. 5. Contours of∆Neff provided by axions from decays of thermal saxions, ∆Nσ→aa
eff , and by axions and axinos from decays of

thermally produced gravitinos, ∆N G̃→aã
eff , in themG̃–TR parameter plane in axino LSP scenarios with the gravitino NLSP, where

mσ = mG̃, mã ! 37 eV, and fPQ = 1012 GeV. In panel (a), x = 1 and black (gray) contours refer to m1/2 = 400 (600) GeV.

Here we show solid contours of ∆Nσ→aa
eff +∆N G̃→aã

eff = 0.78 and 3.59 and dashed contours of ∆N G̃→aã
eff = 3.59. The diagonal

dotted line indicates the latter as well but as obtained with the ∆N G̃→aã
eff estimate from Ref. [20]. In panel (b) we show

solid, dashed, dotted, and dash-dotted contours of ∆Nσ→aa
eff +∆N G̃→aã

eff = 3.59 for x = 1, 0.2, 0.1, and 0.02, respectively, and
m1/2 = 400 GeV. The regions above these contours are disfavored by precision cosmology at the 2σ level. The vertical dotted
line indicates the lower limit on mG̃ from the requirement τG̃ ! 5.2× 1010 s in both panels.

the TR dependences of the saxion yield. To see this more
explicitly and for further comparison, we refer to Fig. 6 in
Ref. [4], where ∆Nσ→aa

eff only is presented as obtained in
the sudden decay approximation. Also (B10) and (B13)
in Appendix B of this work are approximate analytical

expressions respectively for ∆Nσ→aa
eff and ∆N G̃→aã

eff that
are based on the sudden decay approximation.

Figure 5(a) demonstrates how the ∆Neff contours will
move if LHC experiments point to mg̃ " 1.5 TeV and
thereby to m1/2 " 600 GeV. These changes are gov-

erned fully by∆N G̃→aã
eff whereas∆Nσ→aa

eff is not affected.
At this point, we should stress that a collider measure-
ment of the LOSP massmLOSP will limit mG̃ from above.
While the chosen m1/2 values can imply an mLOSP value
that is well below 1 TeV, we refrain from presenting such
an upper limit for mG̃ since it will depend strongly on
other details of an assumed SUSY model as well.

The difference between the solid ∆Neff = 3.59 and
∆Neff = 0.78 contours illustrates the possible impact
of results from the Planck satellite mission. If Planck
should not find any statistically significant hints for ex-
tra radiation, then the contour ∆Neff = 0.78 can provide
the new upper limit on TR at the 3σ level. For x = 1, the
viability of TR " 109GeV will then depend on mLOSP

and on other LOSP-related cosmological constraints dis-

cussed below.

Let us now turn to the case of x < 1. Figure 5(b) shows

∆Nσ→aa
eff +∆N G̃→aã

eff = 3.59 contours for x = 1 (solid),
0.2 (dashed), 0.1 (dotted), and 0.02 (dash-dotted), where
m1/2 = 400 GeV. Corresponding dilution factors ∆ have
already been shown in Fig. 4(b) and discussed thereafter.

The x dependence of ∆N G̃→aã
eff results fully from the one

of ∆ so that this contribution decreases towards x → 0.
In contrast, for the same reasons as in the previous sec-
tion, ∆Nσ→aa

eff increases towards smaller x in the interval
0.1 ! x < 1, reaches its maximum at x ∼ 0.1, and de-
creases thereafter, i.e., towards smaller x ! 0.1. The

latter behavior transfers to ∆Nσ→aa
eff +∆N G̃→aã

eff , as can
be seen in Fig. 5(b). Here the most restrictive upper TR

limit is found for x = 0.1 and the most relaxed one for
x = 0.02, where ∆Nσ→aa

eff +∆N G̃→aã
eff $ ∆N G̃→aã

eff .

In Fig. 6 we explore how ∆Nσ→aa
eff +∆N G̃→aã

eff (solid)

can emerge as a composition of a late ∆N G̃→aã
eff (dashed)

and an early ∆Nσ→aa
eff (dotted) for (a) x = 1, (b) 0.2,

(c) 0.1 and (d) 0.02. In each panel, we consider m1/2 =
400 GeV and show gray and black contours of ∆Neff =
0.78 and 1.73, respectively. For the reasons discussed
above, i.e., taken the posterior maxima and the mean
listed in Table I at face value, we are particularly in-

before Planck

after Planck

[Graf, Steffen,1302.2143]
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Key questions on
CHAMP properties

Stable? Lifetime? 
Decay products?

 New detector concepts

➔  stop/collect CHAMPs

➔  study CHAMP decays

  Frank Steffen   (Max Planck Institute for Physics, Munich) EXPLORE-EWIP 14
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particle detector20??
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Probing fa @ Colliders
[Brandenburg et al., ’05]
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Particle Physics Cosmology
• 2016: Large Hadron Collider (14 TeV)
  stau discovery at ATLAS & CMS

• Intrinsic fine tuning problems

   ? Hierarchy Problem (mH << MPlanck)

   ? Strong CP Problem  (ΘQCD << 1)

   ? Small Neutrino Masses (mν << mH)

mH = 125 GeV
68%

27%5%

Standard
particles

dark energy

axion EWIP
dark matter

• 2013: Planck sky map
   of the CMB radiation

• Cosmological puzzles

   ? Matter-Antimatter Asymmetry

   ? Particle Identity & Origin of Dark Matter

   ? Dark Energy = Cosmological Constant

ESA

mstau = 415 GeV

thermal leptogenesis
✔

✔
axion condensate

✔

✔
supersymmetry

Peccei-Quinn symmetry
✔

See-saw mechanism
?

2861
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• Cosmological observations still call for new physics

• Hierachy problem & strong CP problem ➔ SUSY axion models

• EWIPs are a new well-motivated class of particles

• EWIP can explain dark matter and dark radiation (?)

• High-reheating temperature scenarios ➔ thermal leptogenesis

➔ Gravitino dark matter with sneutino LOSPs

➔ Axion dark matter with stau LOSPs

• Various cosmological aspects & promising collider propects 

Conclusions


