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Outline
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• Lee-Weinberg curve

• decoupling temperature TD

• Axino DM scenarios with long-lived staus

• BBN constraints: new fPQ limits

• LHC phenomenology: probing fPQ
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Lee-Weinberg Curve for Axions
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Bounds on the Peccei-Quinn Scale
Astrophysical Axion Bounds 15
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Fig. 3. Summary of astrophysical
and cosmological axion limits as dis-
cussed in the text. The black sensitiv-
ity bars indicate the search ranges of
the CAST solar axion search and the
ADMX search for galactic dark matter
axions. Light-grey exclusion bars are
very model dependent

The requirement that the neutrino signal of SN 1987A was not excessively
shortened by axion losses pushes the limits down to ma ! 10 meV. However,
this limit involves many uncertainties that are 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.

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.’
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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
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Creation of Cosmological Axions
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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.
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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
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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
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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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(dash-dotted) and the one from the misalignment mechanism
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indicated respectively by the gray dotted line (Ωeq
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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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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
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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)
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g6s(N

2
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512π7f2
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{
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fB(E)T 3

48π
ln(2)

+
(
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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)
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3 )]
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2
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)]}
, (8)
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• with gluons
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Thermal axion production in the primordial quark-gluon plasma

Peter Graf and Frank Daniel Steffen
Max-Planck-Institut für Physik, Föhringer Ring 6, D–80805 Munich, Germany

We calculate the rate for thermal production of axions via scattering of quarks and gluons in the
primordial quark-gluon plasma. To obtain a finite result in a gauge-invariant way that is consistent
to leading order in the strong gauge coupling, we use systematic field theoretical methods such
as hard thermal loop resummation and the Braaten–Yuan prescription. The thermally produced
yield, the decoupling temperature, and the density parameter are computed for axions with a mass
below 10 meV. In this regime, with a Peccei–Quinn scale above 6 × 108 GeV, the associated axion
population can still be relativistic today and can coexist with the axion cold dark matter condensate.

PACS numbers: 14.80.Va, 98.80.Cq, 95.35.+d, 95.30.Cq

Introduction—If the Peccei–Quinn (PQ) mechanism is
the explanation of the strong CP problem, axions will
pervade the Universe as an extremely weakly interacting
light particle species. In fact, an axion condensate is still
one of the most compelling explanations of the cold dark
matter in our Universe [1, 2]. While such a condensate
would form at temperatures T ! 1 GeV, additional pop-
ulations of axions can originate from processes at much
higher temperatures. Even if the reheating temperature
TR after inflation is such that axions were never in ther-
mal equilibrium with the primordial plasma, they can be
produced efficiently via scattering of quarks and gluons.
Here we calculate for the first time the associated thermal
production rate consistent to leading order in the strong
gauge coupling gs in a gauge-invariant way. The result
allows us to compute the associated relic abundance and
to estimate the critical TR value below which our con-
siderations are relevant. For a higher value of TR, one
will face the case in which axions were in thermal equi-
librium with the primordial plasma before decoupling at
the temperature TD as a hot thermal relic [1, 3]. The
obtained critical TR value can then be identified with the
axion decoupling temperature TD.
We focus on the model-independent axion (a) interac-

tions with gluons given by the Lagrangian1

La =
g2s

32π2fPQ
aGb

µνG̃
b µν , (1)

with the gluon field strength tensor Gb
µν , its dual G̃

b
µν =

εµνρσGb ρσ/2, and the scale fPQ at which the PQ sym-
metry is broken spontaneously. Numerous laboratory,
astrophysical, and cosmological studies point to

fPQ " 6× 108 GeV , (2)

which implies that axions are stable on cosmological
timescales [4, 5]. Considering this fPQ range, we can

1 The relation of fPQ to the VEV 〈φ〉 that breaks the U(1)PQ sym-
metry depends on the axion model and the associated domain
wall number N : fPQ ∝ 〈φ〉/N ; cf. [1, 2] and references therein.

neglect axion production via ππ → πa in the primordial
hot hadronic gas [6, 7]. Moreover, Primakoff processes
such as e−γ → e−a are not taken into account since they
depend on the axion model and are usually far less effi-
cient in the early Universe [8].

We assume a standard thermal history and refer to
TR as the initial temperature of the radiation-dominated
epoch. While inflation models can point to TR well above
1010 GeV, we focus on the case TR < fPQ such that no
PQ symmetry restoration takes place after inflation.

Related studies exist. The decoupling of axions out
of thermal equilibrium with the primordial quark-gluon
plasma (QGP) was considered in Refs. [1, 3]. While the
same QCD processes are relevant, our study treats the
thermal production of axions that were never in thermal
equilibrium. Moreover, we use hard thermal loop (HTL)
resummation [9] and the Braaten–Yuan prescription [10]
which allow for a systematic gauge-invariant treatment
of screening effects in the QGP. In fact, that prescription
was introduced on the example of axion production in a
hot QED plasma [10]; see also Ref. [11].

Thermal production rate—Let us calculate the thermal
production rate of axions with energies E " T in the hot
QGP. The relevant 2 → 2 scattering processes involv-
ing (1) are shown in Fig. 1. The corresponding squared
matrix elements are listed in Table I, where s = (P1+P2)2

and t = (P1 − P3)2 with P1, P2, P3, and P referring to

TABLE I. Squared matrix elements for axion (a) production
in 2-body processes involving quarks of a single chirality (qi)
and gluons (ga) in the high-temperature limit, T " mi, with
the SU(Nc) color matrices fabc and T a

ji. Sums over initial and
final state spins have been performed.

Label i Process i |Mi|2/

(

g6
s

128π4f2
PQ

)

A ga + gb → gc + a −4 (s2+st+t2)2

st(s+t) |fabc|2

B qi + q̄j → ga + a
(

2t2

s
+ 2t+ s

)

|T a
ji|

2

C qi + ga → qj + a
(

− 2s2

t
− 2s − t

)

|T a
ji|

2

3
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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
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‘right-handed,’ τ̃1 = τ̃R, which is a good approximation
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inated by the bino coupling. For further simplicity, we
also assume that the lightest neutralino is a pure bino:
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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
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)

and Q =
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Q1 = eQ1 +
√
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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),
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, MQ % mZ, mSUSY . (5)

Before proceeding, let us recall axion and axino inter-
actions to clarify the definition of fa =
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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 =
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32π2fa
a Ga

µνG̃aµν (6)

Laγγ =
e2Caγγ
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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 −
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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
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Thermal axion production in the primordial quark-gluon plasma

Peter Graf and Frank Daniel Steffen
Max-Planck-Institut für Physik, Föhringer Ring 6, D–80805 Munich, Germany

We calculate the rate for thermal production of axions via scattering of quarks and gluons in the
primordial quark-gluon plasma. To obtain a finite result in a gauge-invariant way that is consistent
to leading order in the strong gauge coupling, we use systematic field theoretical methods such
as hard thermal loop resummation and the Braaten–Yuan prescription. The thermally produced
yield, the decoupling temperature, and the density parameter are computed for axions with a mass
below 10 meV. In this regime, with a Peccei–Quinn scale above 6 × 108 GeV, the associated axion
population can still be relativistic today and can coexist with the axion cold dark matter condensate.

PACS numbers: 14.80.Va, 98.80.Cq, 95.35.+d, 95.30.Cq

Introduction—If the Peccei–Quinn (PQ) mechanism is
the explanation of the strong CP problem, axions will
pervade the Universe as an extremely weakly interacting
light particle species. In fact, an axion condensate is still
one of the most compelling explanations of the cold dark
matter in our Universe [1, 2]. While such a condensate
would form at temperatures T ! 1 GeV, additional pop-
ulations of axions can originate from processes at much
higher temperatures. Even if the reheating temperature
TR after inflation is such that axions were never in ther-
mal equilibrium with the primordial plasma, they can be
produced efficiently via scattering of quarks and gluons.
Here we calculate for the first time the associated thermal
production rate consistent to leading order in the strong
gauge coupling gs in a gauge-invariant way. The result
allows us to compute the associated relic abundance and
to estimate the critical TR value below which our con-
siderations are relevant. For a higher value of TR, one
will face the case in which axions were in thermal equi-
librium with the primordial plasma before decoupling at
the temperature TD as a hot thermal relic [1, 3]. The
obtained critical TR value can then be identified with the
axion decoupling temperature TD.
We focus on the model-independent axion (a) interac-

tions with gluons given by the Lagrangian1

La =
g2s

32π2fPQ
aGb

µνG̃
b µν , (1)

with the gluon field strength tensor Gb
µν , its dual G̃

b
µν =

εµνρσGb ρσ/2, and the scale fPQ at which the PQ sym-
metry is broken spontaneously. Numerous laboratory,
astrophysical, and cosmological studies point to

fPQ " 6× 108 GeV , (2)

which implies that axions are stable on cosmological
timescales [4, 5]. Considering this fPQ range, we can

1 The relation of fPQ to the VEV 〈φ〉 that breaks the U(1)PQ sym-
metry depends on the axion model and the associated domain
wall number N : fPQ ∝ 〈φ〉/N ; cf. [1, 2] and references therein.

neglect axion production via ππ → πa in the primordial
hot hadronic gas [6, 7]. Moreover, Primakoff processes
such as e−γ → e−a are not taken into account since they
depend on the axion model and are usually far less effi-
cient in the early Universe [8].

We assume a standard thermal history and refer to
TR as the initial temperature of the radiation-dominated
epoch. While inflation models can point to TR well above
1010 GeV, we focus on the case TR < fPQ such that no
PQ symmetry restoration takes place after inflation.

Related studies exist. The decoupling of axions out
of thermal equilibrium with the primordial quark-gluon
plasma (QGP) was considered in Refs. [1, 3]. While the
same QCD processes are relevant, our study treats the
thermal production of axions that were never in thermal
equilibrium. Moreover, we use hard thermal loop (HTL)
resummation [9] and the Braaten–Yuan prescription [10]
which allow for a systematic gauge-invariant treatment
of screening effects in the QGP. In fact, that prescription
was introduced on the example of axion production in a
hot QED plasma [10]; see also Ref. [11].

Thermal production rate—Let us calculate the thermal
production rate of axions with energies E " T in the hot
QGP. The relevant 2 → 2 scattering processes involv-
ing (1) are shown in Fig. 1. The corresponding squared
matrix elements are listed in Table I, where s = (P1+P2)2

and t = (P1 − P3)2 with P1, P2, P3, and P referring to

TABLE I. Squared matrix elements for axion (a) production
in 2-body processes involving quarks of a single chirality (qi)
and gluons (ga) in the high-temperature limit, T " mi, with
the SU(Nc) color matrices fabc and T a

ji. Sums over initial and
final state spins have been performed.

Label i Process i |Mi|2/

(

g6
s

128π4f2
PQ

)

A ga + gb → gc + a −4 (s2+st+t2)2

st(s+t) |fabc|2

B qi + q̄j → ga + a
(

2t2

s
+ 2t+ s

)

|T a
ji|

2

C qi + ga → qj + a
(

− 2s2

t
− 2s − t

)

|T a
ji|

2
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TD >> T: axion is never in th. eq. with the prim. plasma

but thermally produced 
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Axion Decoupling Temperature

• TR > TD:  1+2       3+axion

• TR > TD:  1+2       3+axion

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

T ~ TD: axion decouples as a hot thermal relic

Boltzmann eq.

collision term

decoupling temp.
reheating temp.
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Thermal Axion Production in the Hot QGP

[Masso et al.,’02; Sikivie,’08; Graf, Steffen, ’11]
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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)

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
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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,

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.
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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
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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

)

×
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−Θ(E1 − E3)
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2
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)]}
, (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.
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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,

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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Conclusions - Part I

• Lee-Weinberg curve for axions

• two guaranteed axion populations

• axions from the misalignm. mech. may provide all 
or only a fraction of Ωdm - depending on fPQ & θi 

• thermal relic or thermally produced axions will 
be present as a HDM with (Ωa)th < Ωγ << Ωdm

extremely challenging
to detect experimentally
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Extensions of the Standard Model
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[see also talk by Howard Baer]
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
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Thermal G̃ Production τ̃ NLSP → G̃ + τ
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[...; Bolz, Brandenburg, Buchmüller, ’01]

[Pradler, FDS, ’06]

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

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

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

CDM←(mã, TR)≈(100 keV, 106 GeV)

HDM←(mã, TR)≈(100 eV , 109 GeV)

CDM←(m eG, TR)≈(10 MeV , 106 GeV)

CDM←(m eG, TR)≈(100 GeV, 109 GeV)

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

a a

a

67

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

identical to the 
gravitino case

and [Strumia, ’10]
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later
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CBBN of 9Be: [Pospelov, ’07; Pospelov, Pradler, FDS, ’08]  

[Cyburt et al., ‘06;  FDS, ’06; Pradler, FDS, ’07;
Hamaguchi et al., ’07; Kawasaki, Kohri, Moroi, ’07;  
Takayama, ’07;  Jedamzik, ’07;  Pradler, FDS, ’08]
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Stau Decays into Axinos
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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 nom-
inal 3σ range Ω3σ

dmh2 = 0.105+0.021
−0.030 . 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. Then, the χ̃0

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

1 = B̃.

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

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

√
2)

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

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

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 with both y and fa

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

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

T and the associated

squarks eQ1,2. The considered quantum numbers are given in
Table I. For simplicity, the lightest neutralino is assumed to
be a pure bino eχ0

1 = eB and the tau mass is neglected.
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Fig. 3. The lifetime of the τ̃R NLSP, 1/Γ (τ̃R → τ ã) ≈ ττ̃ in relation to its mass mτ̃ for
m2

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

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

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

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

In Fig. 3 our result of the full leading term for 1/Γ (τ̃R → τ ã) ≈
ττ̃ and its relation to mτ̃ is illustrated for m2

ã/m
2
τ̃ # 1, mB̃ = 1.1mτ̃ ,

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

and 1014 GeV.
The results show that Γ (τ̃R → τ ã) is largely governed by the

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

τ̃R
tot and

thereby the τ̃R lifetime ττ̃ = 1/Γ τ̃R
tot to within 10% to maximally

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

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

5 We use α = αMS(mZ) = 1/129 [41] and sin2 θW = 1−m2
W /m2

Z = 0.2221.
6 Note that the 3-body decay τ̃R → τ ãγ occurs already at the 1-loop level. The

corresponding amplitude however is not enhanced by ln(yfa/
√
2mτ̃ ) which can be

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

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

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

√
2mτ̃ /y. Assuming y " 1, to

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

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

Y τ̃ ≡ nτ̃R

s
= 2Y τ̃−

R
( 0.7× 10−12

( ml̃1

1 TeV

)
, (12)

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

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

ΩNTP
ã h2 =mãY τ̃ s(T0)h2/ρc, (13)

where ρc/[s(T0)h2] = 3.6 × 10−9 GeV [8]. For Y τ̃ given by (12),
ΩNTP

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

ã > Ωdm, ΩNTP
ã is only a

minor fraction (" 1%) of Ωdm for mã " 1 GeV and mτ̃ " 5 TeV.
For mã " 1 GeV, the TR limits shown in Fig. 1 will thus shift only
marginally by taking ΩNTP

ã into account.

4. CBBN constraints

The presence of negatively charged τ̃−
R ’s at cosmic times of

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

R ) and (8Beτ̃−
R ) bound states. Indeed, depend-

ing on the lifetime ττ̃ and the abundance Y τ̃−
R

= Y τ̃ /2, the follow-

ing catalyzed BBN (CBBN) reactions can become efficient [29–31]7

(4Heτ̃−
R

)
+ D → 6Li+ τ̃−

R , (14)
4He+

(4Heτ̃−
R

)
→

(8Beτ̃−
R

)
+ γ , (15)

(8Beτ̃−
R

)
+ n → 9Be + τ̃−

R . (16)

7 The large 9Be-production cross section reported and used in Refs. [30,31] has
recently been questioned by Ref. [46], in which a study based on a four-body model
is announced as work in progress to clarify the efficiency of 9Be production.
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Table 1
The axion multiplet Φ , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

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

Φ = φ +
√
2χθ + FΦθθ +1 (1,1)0

Q 1 = Q̃ 1 +
√
2q1θ + F1θθ −1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
√
2q2θ + F2θθ −1/2 (3∗,1)−eQ

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

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the τ̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, τ̃1 = τ̃R, which is a good approxima-
tion at least for small tanβ . The χ̃0

1 –τ̃1 coupling is then dominated
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 interac-

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

WPQ = yΦQ 1Q 2 (3)

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

ã =
(

χ

χ̄

)
and Q =

(
q1
q̄2

)
. (4)

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

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

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

MQ̃ 1,2
,MQ 'mZ,mSUSY. (5)

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

√
2〈φ〉 in the considered mod-

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

Lagg = g2s
32π2 fa

aGa
µν G̃

aµν , (6)

Laγ γ = e2Caγ γ

32π2 fa
aFµν F̃µν , (7)

where Ga
µν and Fµν are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
µν =

εµνρσ Ga ρσ /2 and F̃µν = εµνρσ Fρσ /2; e2 = 4πα. After chiral
symmetry breaking,

Caγ γ = 6e2Q − 2
3
4+ z
1+ z

(8)

Fig. 2. Feynman diagrams of the dominant contributions to the stau NLSP decay
τ̃R → τ ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino χ̃0

1 = B̃ and the
tau mass is neglected.

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

Lã g̃ g = i
g2s

64π2 fa
¯̃aγ5

[
γ µ,γ ν]

g̃aGa
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 ττ̃ is governed by the decay τ̃R → τ ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay τ̃R → τ ã
are shown in Fig. 2. Since mτ *mτ̃ , 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 calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is sufficient to calculate the leading term
of the amplitude ∝ 1/ fa since the sub-leading terms (∝ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by

Γ
τ̃R
tot ≈ Γ (τ̃R → τ ã)LL (10)

=
81α4e4Q

128π5 cos8 θW

mτ̃m2
B̃

f 2a

(
1−

m2
ã

m2
τ̃

)2

ln2
(

yfa√
2mτ̃

)
, (11)
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Table 1
The axion multiplet Φ , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

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

Φ = φ +
√
2χθ + FΦθθ +1 (1,1)0

Q 1 = Q̃ 1 +
√
2q1θ + F1θθ −1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
√
2q2θ + F2θθ −1/2 (3∗,1)−eQ

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

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the τ̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, τ̃1 = τ̃R, which is a good approxima-
tion at least for small tanβ . The χ̃0

1 –τ̃1 coupling is then dominated
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 interac-

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

WPQ = yΦQ 1Q 2 (3)

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

ã =
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χ
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)
and Q =
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)
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For the heavy KSVZ (s)quark masses, we use the SUSY limit
MQ̃ 1,2

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

real by field redefinitions. The phenomenological constraint fa !
6 × 108 GeV [8–11] thus implies a large mass hierarchy between
the KSVZ (s)quarks and the weak and the soft SUSY mass scales
for y = O(1),
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Before proceeding, let us recall axion and axino interactions
to clarify the definition of fa =
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els. By integrating out the heavy KSVZ (s)quarks, axion–gluon and
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tive Lagrangians
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µν G̃

aµν , (6)

Laγ γ = e2Caγ γ
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µν and Fµν are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
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the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino χ̃0

1 = B̃ and the
tau mass is neglected.

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

Lã g̃ g = i
g2s

64π2 fa
¯̃aγ5

[
γ µ,γ ν]

g̃aGa
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 ττ̃ is governed by the decay τ̃R → τ ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay τ̃R → τ ã
are shown in Fig. 2. Since mτ *mτ̃ , 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 calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is sufficient to calculate the leading term
of the amplitude ∝ 1/ fa since the sub-leading terms (∝ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by
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Table 1
The axion multiplet Φ , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.

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

Φ = φ +
√
2χθ + FΦθθ +1 (1,1)0

Q 1 = Q̃ 1 +
√
2q1θ + F1θθ −1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
√
2q2θ + F2θθ −1/2 (3∗,1)−eQ

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

3. The charged slepton LOSP case

While the TR limits discussed above are independent of the
LOSP, we turn now to the phenomenologically attractive case in
which the LOSP is a charged slepton l̃1. To be specific, we focus on
the τ̃1 LOSP case under the simplifying assumption that the lighter
stau is purely ‘right-handed’, τ̃1 = τ̃R, which is a good approxima-
tion at least for small tanβ . The χ̃0

1 –τ̃1 coupling is then dominated
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 interac-

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

WPQ = yΦQ 1Q 2 (3)

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

ã =
(

χ

χ̄

)
and Q =

(
q1
q̄2

)
. (4)

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

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

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

MQ̃ 1,2
,MQ 'mZ,mSUSY. (5)

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

√
2〈φ〉 in the considered mod-

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

Lagg = g2s
32π2 fa

aGa
µν G̃

aµν , (6)

Laγ γ = e2Caγ γ

32π2 fa
aFµν F̃µν , (7)

where Ga
µν and Fµν are the gluon and electromagnetic field

strength tensors, respectively, whose duals are given by G̃a
µν =

εµνρσ Ga ρσ /2 and F̃µν = εµνρσ Fρσ /2; e2 = 4πα. After chiral
symmetry breaking,

Caγ γ = 6e2Q − 2
3
4+ z
1+ z

(8)

Fig. 2. Feynman diagrams of the dominant contributions to the stau NLSP decay
τ̃R → τ ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
For simplicity, the lightest neutralino is assumed to be a pure bino χ̃0

1 = B̃ and the
tau mass is neglected.
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dominant contributions to the 2-body stau NLSP decay τ̃R → τ ã
are shown in Fig. 2. Since mτ *mτ̃ , 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 calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is sufficient to calculate the leading term
of the amplitude ∝ 1/ fa since the sub-leading terms (∝ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by
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Table 1
The axion multiplet Φ , the heavy KSVZ quark multiplets Q 1,2, and the associated
quantum numbers considered in this work.
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2χθ + FΦθθ +1 (1,1)0

Q 1 = Q̃ 1 +
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2q1θ + F1θθ −1/2 (3,1)+eQ

Q 2 = Q̃ 2 +
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2q2θ + F2θθ −1/2 (3∗,1)−eQ
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axino dark matter, mã ! 100 keV, providing the dominant compo-
nent of Ωdm. Those fa values and mã " 1 GeV are thereby favored
by the viability of standard thermal leptogenesis with hierarchical
right-handed neutrinos [21–25].
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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 approxima-
tion at least for small tanβ . The χ̃0

1 –τ̃1 coupling is then dominated
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plets Q 1 and Q 2 is described by the superpotential
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respectively, by
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for y = O(1),
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Before proceeding, let us recall axion and axino interactions
to clarify the definition of fa =
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τ̃R → τ ã in a SUSY hadronic axion model with one KSVZ quark Q = (q1, q̄2)T and
the associated squarks Q̃ 1,2. The considered quantum numbers are given in Table 1.
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1 = B̃ and the
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0.56 denotes the ratio of the up and down quark masses. The cor-
responding interactions of axinos with gluons and gluinos g̃ are
obtained as described by

Lã g̃ g = i
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64π2 fa
¯̃aγ5

[
γ µ,γ ν]

g̃aGa
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 ττ̃ is governed by the decay τ̃R → τ ã. For the
models given by (3) and Table 1, the Feynman diagrams of the
dominant contributions to the 2-body stau NLSP decay τ̃R → τ ã
are shown in Fig. 2. Since mτ *mτ̃ , 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 calcula-
tion of the 2-loop diagrams, the hierarchy (5) allows us to make
use of a heavy mass expansion in powers of 1/ fa [39]. In this
asymptotic expansion, it is sufficient to calculate the leading term
of the amplitude ∝ 1/ fa since the sub-leading terms (∝ 1/ f 2a ) are
suppressed by many orders of magnitude. Details of this calcula-
tion and the full result of the leading term will be presented in
a forthcoming publication [40]. The dominant leading logarithmic
(LL) part of the partial width is given by
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Axino LSP Case with a Charged Slepton NLSP

[Freitas, FDS, Tajuddin, Wyler, 0909.3293]

Upper Limits on the Peccei-Quinn Scale
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FIG. 5: BBN constraints on the PQ scale fa, shown for (a) m eB = 1.1 meτ , Yeτ given by (8) with κ = 0.7 and (b) m eB = 1.02 meτ ,
Yeτ given by (8) with κ = 2.8. In both panels, m2

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

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

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

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

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

em constraint from the respective

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

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

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

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

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

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

• By considering m2
ea/m2

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

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

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

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

• The CBBN and hadronic BBN constraints in the
case of the ẽR or µ̃R NLSP are identical to the
ones shown. The electromagnetic BBN constraints
however will be more restrictive in the ẽR NLSP
case since all of the electron energy Ee released in
the ẽR NLSP decay will contribute: εem = Ee.
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constraints are provided only for τeτ ≥ 100 s since we
have not considered the typically milder limits associ-
ated with proton–neutron interconversion processes [26]
which become relevant for smaller τeτ [23, 24, 25]. Nev-
ertheless, the hadronic BBN constraints place limits on
the PQ scale fa that become clearly more restrictive than
the CBBN-induced limits torwards large meτ and/or large
Yeτ . In fact, the hadronic BBN constraint on fa can be
the dominant one already in a mass range, meτ < 1 TeV,
that is promising for a discovery of a long-lived stau at
the LHC.

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

em and 3He/D con-
straints from the respective limits given in Fig. 42 of
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limit given in Fig. 6 of Ref. [39]. Those Dsev/cons
em and

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

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

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

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

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

• By considering m2
ea/m2

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

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

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

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

• The CBBN and hadronic BBN constraints in the
case of the ẽR or µ̃R NLSP are identical to the
ones shown. The electromagnetic BBN constraints
however will be more restrictive in the ẽR NLSP
case since all of the electron energy Ee released in
the ẽR NLSP decay will contribute: εem = Ee.
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Fig. 3. Summary of astrophysical
and cosmological axion limits as dis-
cussed in the text. The black sensitiv-
ity bars indicate the search ranges of
the CAST solar axion search and the
ADMX search for galactic dark matter
axions. Light-grey exclusion bars are
very model dependent

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

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

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

[Raffelt, ’06]

Astrophysical 
Axion Bounds

Bounds from 
Axion Searches
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Tevatron

7/28/2007 Yuri Gershtein, SUSY07 8
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GMSB line (Snowmass slope D)

M=2!, N5=3, tan"=15, sign µ > 0

AMSB Gauginos

M1=3M2, M3=500, µ=10 TeV

tan " = 15, M(squark) = 800 GeV
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Axino DM @ LHC Stau NLSP

Very different from the large ETmiss signal of Neutralino DM

proton proton
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Stau Production @ LHC

Production of staus at hadron colliders

• Direct production

• Production in cascade decays

Drell-Yan
(known @ NLO (S)QCD  

[Benakker, Klasen, Krämer, Plehn, Spira; ’99]

 and @ NLL [Bozzi, Fuks, Klasen; ’06]) 

determined by
squark + gluino production

(& BRs)
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Direct Stau Production at Hadron Colliders
[Lindert, Steffen, Trenkel, ’11]

Direct Production of staus at hadron 
colliders

Drell-Yan

gluglu

bb

O(α2
sα

2)

O(α2)

O(α2) & NLO (S)QCD O(α2
sα
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+ bottom PDFs

Technical detail: higher order corrections of bbh/H - vertex drive down 
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Stopping of long-lived staus
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          are stopped for: βγ ! 0.45τ̃1

Stopping of long-lived staus
[Lindert, Steffen, Trenkel, ’11]
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FIG. 1: Left: a schematic figure of the CMS detector and two stoppers. The numbers are in units

of meters, and (0, 0, 0) is the collision point. Right: two stopper–detectors and a circle about the

size of CMS detector are superimposed on the cross section of CMS cavern UXC 55, drawing taken

from Ref. [9].

where θ is angle between the CNLSP direction and the beam direction. The number comes

from the average density of CMS detector, 3.37g/cm3, which leads to the weight per cm2

for the radial direction of 2500g/cm2.

As discussed in the previous paper [2], the stopper can be a hadronic and electromagnetic

calorimeter simultaneously, if the detector consists of layers of dense stopper and tracking

devices. The measurement of the energy of the decay product of the CNLSP is the key

ingredient to explore the CNLSP interactions to the X particle. In this paper we assume

that the CNLSP is the scalar tau lepton τ̃ , which decays mostly as τ̃ → τX where X = G̃

or ã.

The τ decays into lν̄lντ , or into π± and π0’s. We do not consider the decays into µ,

because the muon energy cannot be measured unless the stopper contains a magnetic field.

The energy of the leptons are much softer than the parent τ energy anyway, so that they

are less useful for the study of the decay kinematics.

A large volume detector is advantageous to measure the energy of the τ decay products,

because the detector must contain most of the energy of the showers from the τ decay prod-

ucts. To fully absorb the hadronic cascade one needs sufficient thickness of the calorimeter.

5

[Hamaguchi, Nojiri, de Roeck, ’07] 

Stopping of long-lived staus @ CMS
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Probing fa @ Colliders
[Brandenburg et al., ’05]
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Stopping of long-lived staus
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

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

! Assumption: τ̃R NLSP & χ̃0 " B̃

• 2-Body Decay τ̃R → τ +ã γ, Z
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τ
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Γ(τ̃R→τ ã) " ξ2 (25 sec)−1C2
aYY

(
1−

m2
ea

m2
eτ

)( meτ

100 GeV

)(1011 GeV

fa

)2( mB̃

100 GeV

)2

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

f2
a "

( τeτ

25 sec

)
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) ( meτ

100 GeV
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• Axino Mass mã =
√

m2
eτ + m2

τ − 2meτEτ ←− Kinematics

hadronic (KSVZ) axion model

30
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[Raffelt, ’06]
Bounds on the Peccei-Quinn Scale

Astrophysical Axion Bounds 15
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Fig. 3. Summary of astrophysical
and cosmological axion limits as dis-
cussed in the text. The black sensitiv-
ity bars indicate the search ranges of
the CAST solar axion search and the
ADMX search for galactic dark matter
axions. Light-grey exclusion bars are
very model dependent

The requirement that the neutrino signal of SN 1987A was not excessively
shortened by axion losses pushes the limits down to ma ! 10 meV. However,
this limit involves many uncertainties that are 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.

Is the value of 
the Peccei-Quinn scale

inferred from axino 
searches consistent

with astrophysical axion 
bounds and results from

axion searches?
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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.

Is the value of 
the Peccei-Quinn scale

inferred from axino 
searches consistent

with astrophysical axion 
bounds and results from

axion searches?

Agreement between
Axion & Axino Searches

Strong Hint for the
Axino LSP
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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
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The requirement that the neutrino signal of SN 1987A was not excessively
shortened by axion losses pushes the limits down to ma ! 10 meV. However,
this limit involves many uncertainties that are 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.

Is the value of 
the Peccei-Quinn scale

inferred from axino 
searches consistent

with astrophysical axion 
bounds and results from

axion searches?

Agreement between
Axion & Axino Searches

Strong Hint for the
Axino LSP

Axion DM & Axino DM
might coexist!
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Conclusions - Part II

• axino LSP is possible if PQ mech. & SUSY exist

• axinos from therm. prod. and NLSP decays may 
provide (a fraction of) Ωdm - dep. on fPQ, TR, mstau

• stau NLSP is possible - CHAMP signal @ LHC

• BBN constraints - new mstau-dep. upper limits on fPQ

• LHC pheno - prod. & stopping of staus - probing fPQ

complementary to fPQ determ. in axion searches
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For a review (including an 
extensive list of references),

see

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

arXiv:0811.3347]

in

The European Physical Journal C

EPJ C
RecognizedbyEuropeanPhysicalSociety

Particles and Fields

volume 59 !number 2 ! january ! 2009

Supersymmetry at thedawnof the LHC

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

From F.D. Steffen: Dark-matter candidates
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Bonus slides
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Direct Stau Production @ LHC
[Lindert, FDS, Trenkel, ’11]
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√
S = 14 TeV (top, red) and for 7 TeV (middle, blue). When going down from 14 TeV to

7 TeV, the cross section decreases by up to about a factor of 5. The relative importance

of the bb̄ and gg channels however are similarly important in the region where on-shell H0

exchange contributes. Thus, for both
√

S = 7 TeV and 14 TeV, the bb̄ and gg channels

should not be neglected in a precise cross section prediction. We also show the direct τ̃1 τ̃∗
1

production cross section expected at the Tevatron with
√

S = 1.96 TeV (bottom, green).

Due to the higher parton momentum fractions x needed at the Tevatron, the gluon and

the bb̄ luminosities are reduced compared to the LHC case. Accordingly, the respective gg

and bb̄ contributions to direct stau production are only small, as illustrated.

4 Collider phenomenology with directly produced long-lived staus

In this section we focus on scenarios with long-lived staus, i.e., ττ̃1 ! 10−6 s. At collider

experiments, pair production of long-lived staus will give a clear CHAMP signal in the de-

tectors if kinematical cuts are applied to discriminate between signal and muon background.

Here, we study the impact of these kinematical cuts on the direct production cross section

prediction and differential distributions. We show that experimental observation of direct

stau production could provide important insights into the SUSY model realized in nature.

For particularly well-motivated cosmological scenarios, we find that relatively large num-

bers of staus are expected to get stopped already in the main detectors at the LHC. Thereby,

analyses of stau decays may become a viable tool to identify the LSP and/or to probe high

scales such as the Planck scale MPl or the Peccei-Quinn scale fPQ in the laboratory.

4.1 Kinematical cuts

For a realistic experimental analysis, we need to include kinematical cuts on the phase

space of the staus to reduce possible backgrounds to the CHAMP signal. The signature

of a CHAMP traversing a detector is a slowly moving minimal ionising particle with high

transverse-momentum pT. In the experiments, this results in a long time-of-flight (TOF)

and an anomalously large ionization-energy loss rate (dE/dx) [127]. Since the CHAMP

loses energy primarily through low-momentum-transfer interactions, it will be highly pen-

etrating and will likely be reconstructed as a muon [98]. At hadron colliders, experimental

CHAMP searches have been performed by the CDF [98] and the D0 [97] collaborations at

the Tevatron and are planned at the LHC in the near future [128]. In accordance with

those analyses, we apply the following kinematical cuts on the produced staus:

pT > 40 GeV, 0.4 < β < 0.9,

|η| < 0.7 (Tevatron), |η| < 2.4 (LHC), (4.1)

where the cuts have to be fulfilled by at least one of the τ̃1’s. Here η = − ln(tan θ/2) is the

pseudo-rapidity and β = |p|/E the stau velocity. This should reduce the background from

very slow moving muons to a negligible level [129].

For our theoretical predictions, we use the same inputs as in section 3. In particular,

we include the inclusive NLO K-factors provided by Prospino 2 for the Drell-Yan channel,

– 16 –

Kinematical Cuts
[Lindert, FDS, Trenkel, ’11]
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Figure 6. Direct τ̃1τ̃∗

1 -pair production cross sections before (dashed lines) and after (solid lines)
application of the kinematical cuts (4.1) as a function of mτ̃1

for the SUSY scenario with (3.2)
and (3.3) at the LHC with

√
S = 14 TeV (top, red) and 7 TeV (middle, blue) and the Tevatron

with
√

S = 1.96 TeV (bottom, green).

also when cuts are applied. Since QCD and SUSY-QCD corrections only effect the hadronic

part of the considered τ̃1 τ̃∗
1 production, the cut dependence of the K-factors is expected

to be small. Note that we furthermore assume here direct τ̃1 τ̃∗
1 production to be the

dominant τ̃1 production source and do not include τ̃1’s resulting from cascade decays in

our signal definition. Otherwise, an additional jet and/or lepton veto can be used to

separate directly produced staus from the ones produced at the end of a decay chain. We

will briefly investigate the relative importance of these concurrent production mechanisms

for representative CMSSM benchmark scenarios in section 5.2.

In figure 6 we compare the full direct production cross sections with (solid lines) and

without (dashed lines) the kinematical cuts (4.1) applied as a function of mτ̃1 for the

LHC with
√

S = 14 TeV (top, red) and 7 TeV (middle, blue) and the Tevatron with√
S = 1.96 TeV (bottom, green). At the LHC, the cuts shift the excess slightly away from

the H0 threshold and towards smaller values of mτ̃1 and reduce the overall cross section by

some tens of percent. The reduction is stronger at the Tevatron, where in particular the bb̄

and gg channel contributions get cut significantly, so that the Drell-Yan channel provides

a good approximation for the full cross section.

Assuming the produced τ̃1’s to be stable on the scale of the detectors, our results for

the Tevatron shown in figure 6 can directly be compared with the CHAMP cross-section

limit from the CDF collaboration [98] given in (2.2). This comparison does not allow to

exclude any mτ̃1 > 100 GeV for the considered parameters. Nevertheless, smaller masses,

allowed by the conservative LEP limit (2.1), 82 GeV < mτ̃1 < 100 GeV, can be in tension

with this limit. However, any robust exclusion would require a full simulation including
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Figure 7. (a) Transverse momentum pT and (b) velocity β = |p|/E distributions of direct τ̃1τ̃∗

1 -pair
production at the LHC with

√
S = 14 TeV. The Drell-Yan predictions are shown by dashed lines

and the full cross sections, including bb̄ and gg channels, by solid lines. We consider mτ̃1
= 190 GeV

(red line) and mτ̃1
= 210 GeV (blue line), whereas the other SUSY input parameters are as given

in (3.2) and (3.3).

detector effects, which we do not perform here. Additional indirect stau-pair production

mechanisms are not expected to alter this statement considerably since, as discussed above,

they would contribute to a different signal region containing jets/leptons.

Dedicated studies of the LHC experiments are announced for the near future. Because

of the increased cross section at the LHC, they will probe in detail large parts of the

small-mτ̃1 parameter space, where the stau can be produced via on-shell H0 exchange

with only a relatively small amount of integrated luminosity already for
√

S = 7 TeV.

In fact, the experiments at the LHC have already performed searches for stable massive

particles [130, 131]. However, those studies have searched for stable massive particles in

the trackers and calorimeters. In those parts of the detectors, the sensitivity to color-

singlet particles, such as the τ̃1, is reduced [130], and findings have only been interpreted

for colored massive particles [130, 131].

So far we have concentrated on the integrated cross section. To further illustrate the

importance of the bb̄ and gg channel contributions and to investigate the impact of the

cuts (4.1) on the different channels, we show the differential distributions with respect to

transverse momentum pT and the velocity β of the directly produced staus in figure 7.

We give results for the LHC with
√

S = 14 TeV only, however, results for the LHC with√
S = 7 TeV are qualitatively identical. We use the basic parameter inputs (3.2) and (3.3)

and consider two distinct scenarios, mτ̃1 = 190 GeV (red line) and mτ̃1 = 210 GeV (blue

line). Here, it is mH0 = 400 GeV, i.e., in the first scenario the intermediate H0 boson

can go on-shell while it can only be produced off-shell in the second scenario. We apply

the cut |η| < 2.4 on the pseudo-rapidity of one of the staus to ensure that not both of the

pair-produced staus leave the detector outside of the sensitive region. Cuts on pT and β are

not applied to be independent of a specific choice of cuts. Also, their potential individual

impact can be inferred directly from figure 7.

We show the Drell-Yan-cross-section prediction (dashed lines) now without any K-
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(red line) and mτ̃1
= 210 GeV (blue line), whereas the other SUSY input parameters are as given

in (3.2) and (3.3).

detector effects, which we do not perform here. Additional indirect stau-pair production

mechanisms are not expected to alter this statement considerably since, as discussed above,

they would contribute to a different signal region containing jets/leptons.

Dedicated studies of the LHC experiments are announced for the near future. Because

of the increased cross section at the LHC, they will probe in detail large parts of the

small-mτ̃1 parameter space, where the stau can be produced via on-shell H0 exchange

with only a relatively small amount of integrated luminosity already for
√

S = 7 TeV.

In fact, the experiments at the LHC have already performed searches for stable massive

particles [130, 131]. However, those studies have searched for stable massive particles in

the trackers and calorimeters. In those parts of the detectors, the sensitivity to color-

singlet particles, such as the τ̃1, is reduced [130], and findings have only been interpreted

for colored massive particles [130, 131].

So far we have concentrated on the integrated cross section. To further illustrate the

importance of the bb̄ and gg channel contributions and to investigate the impact of the

cuts (4.1) on the different channels, we show the differential distributions with respect to

transverse momentum pT and the velocity β of the directly produced staus in figure 7.

We give results for the LHC with
√

S = 14 TeV only, however, results for the LHC with√
S = 7 TeV are qualitatively identical. We use the basic parameter inputs (3.2) and (3.3)

and consider two distinct scenarios, mτ̃1 = 190 GeV (red line) and mτ̃1 = 210 GeV (blue

line). Here, it is mH0 = 400 GeV, i.e., in the first scenario the intermediate H0 boson

can go on-shell while it can only be produced off-shell in the second scenario. We apply

the cut |η| < 2.4 on the pseudo-rapidity of one of the staus to ensure that not both of the

pair-produced staus leave the detector outside of the sensitive region. Cuts on pT and β are

not applied to be independent of a specific choice of cuts. Also, their potential individual

impact can be inferred directly from figure 7.

We show the Drell-Yan-cross-section prediction (dashed lines) now without any K-
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Benchmark point α β γ ε

LHC 7TeV

σ(τ̃1τ̃∗
1 )DY [fb] 3.2 (2.3) 12.5 (7.3) 9.0 (5.6) 7.95 (5.00)

σ(τ̃1τ̃∗
1 )bb̄ [fb] 9.8 (5.1) 0.03 (0.02) 19.2 (16.5) 0.07 (0.06)

σ(τ̃1τ̃∗
1 )gg [fb] 0.1 (0.1) 3.3 (2.4) 0.32 (0.25) 0.01 (0.01)

σ(τ̃1τ̃∗
1 )all [fb] 13.1 (7.5) 15.8 (9.7) 28.5 (22.4) 8.03 (5.07)

σ(g̃g̃) [fb] 0.05 10−6 0.06 2.57

σ(g̃q̃) [fb] 0.63 4 × 10−4 0.99 37.36

σ(q̃q̃) [fb] 1.18 0.006 2.41 77.25

σ(χ̃q̃)+σ(χ̃g̃) [fb] 0.481 0.007 0.72 12.77

σ(χ̃χ̃) [fb] 20.4 0.29 19.8 91.78

LHC 14 TeV

σ(τ̃1τ̃∗
1 )DY [fb] 11.2 (5.64) 37.5 (15.9) 28.0 (12.4) 24.7 (11.2)

σ(τ̃1τ̃∗
1 )bb̄ [fb] 58.4 (27.0) 0.7 (0.2) 113.3 (87.1) 0.5 (0.4)

σ(τ̃1τ̃∗
1 )gg [fb] 0.7 (0.4) 17.4 (11.1) 1.8 (1.3) 0.07 (0.05)

σ(τ̃1τ̃∗
1 )all [fb] 70.3 (33.1) 55.6 (27.2) 143.1 (100.8) 25.3 (11.6)

σ(g̃g̃) [fb] 20.2 0.12 20.8 232.19

σ(g̃q̃) [fb] 104.4 2.46 133.2 1328.4

σ(q̃q̃) [fb] 92.5 6.46 139.0 1301.1

σ(χ̃q̃)+σ(χ̃g̃) [fb] 16.9 1.08 22.4 175.12

σ(χ̃χ̃) [fb] 134.5 6.40 131.1 422.2

Table 2. Hadronic cross sections for various SUSY pair production processes at the LHC with√
S = 7 TeV and 14 TeV. For direct τ̃1τ̃∗

1 -pair production, we list our cross section results before
and after applying the kinematical cuts (4.1), where the latter are given in parantheses. The other
cross sections are inclusive NLO results obtained with Prospino 2, where no kinematical cuts have
been considered.

From a comparison of the inclusive production cross sections, we can see that direct

stau production is an important source of staus for the benchmark points α, β, and γ at the

LHC with
√

S = 7 TeV. Only electroweak neutralino/chargino pair production (χ̃χ̃) can

give comparable contributions. We even find that direct stau production can constitute the

dominant part of the overall SUSY cross section together with χ̃χ̃ production. The other

cross sections are suppressed at
√

S = 7 TeV by the heavier masses of squarks and gluinos.

The situation changes for
√

S = 14 TeV, where the center-of-mass energy is high enough so

that strongly interacting SUSY particles can be produced copiously. However, for point β,

where m1/2 is particularly large, the gluino is so heavy that direct stau production is always

the dominant source for staus at colliders. Still, we annotate that the LHC at
√

S = 7 TeV

might in some scenarios provide a more suitable environment for the study of direct stau

production than the LHC at
√

S = 14 TeV, where staus originating from cascade decays

would need to be suppressed by additional cuts.

It is also interesting to look more closely at the composition of the total direct stau

production cross section in these scenarios. Points α and γ have a very similar composition
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1
5
1

Benchmark point α β γ ε

m1/2 [GeV] 600 1050 600 440

m0 [GeV] 800 30 600 20

tan β 55 55 55 15

A0 [GeV] 1600 60 1200 −250

mτ̃1 [GeV] 193 136 148 153

θτ̃ 81◦ 73◦ 77◦ 76◦

mH0 [GeV] 402 763 413 613

ΓH0 [GeV] 15 26 16 2.2

mg̃ [GeV] 1397 2276 1385 1028

avg. mq̃ [GeV] 1370 1943 1287 894

µ [GeV] 667 1166 648 562

Aτ [GeV] 515 −143 351 −275

BR(b → sγ) [10−4] 3.08 3.03 2.94 3.00

BR(B0
s → µ+µ−) [10−8] 1.65 1.04 2.44 0.30

aµ [10−10] 13.2 11.5 16.8 18.7

CCB [108] ! — ! !

Yτ̃1 [10−15] 3.5 2.5 37.7 164

Table 1. Benchmark CMSSM scenarios α, β, γ, and ε defined by the given values of m1/2, m0, tanβ,
and A0. For all points, µ > 0. Low-scale masses and parameters are calculated using SPheno 3.0.
We also provide the quantities that are subject to the constraints discussed in section 2, as obtained
with SuperISO 3.0, and the thermal relic stau yield Yτ̃1

, as obtained with micrOMEGAs 2.4. The
CCB constraint (2.10), as obtained in [108], is respected by the scenarios α, γ, and ε, whereas point
β is in tension with this constraint.

ref. [75], respectively, where we have adjusted m0 for point α and m1/2 for point β so that

SPheno 3.0 provides low-energy spectra that are similar to the ones of those points B and

C. Point γ is very similar to point α but has a much larger stau yield. Point ε was already

introduced in ref. [129]. Here, we are mainly interested in the ratio of mτ̃1 and mH0 . In

all four benchmark scenarios, stau production via an on-shell H0 exchange is possible. We

have 2mτ̃1 ≈ mH0 for point α, 2mτ̃1 < mH0 for point γ, and 2mτ̃1 $ mH0 for points β and

ε. The stau-Higgs couplings are smallest for point ε, where tan β is relatively small.

In figure 8 we display the invariant mass distributions for the four benchmark points at

the LHC with
√

S = 14 TeV. The kinematical cuts (4.1) are applied, with the requirement

|η| < 2.4 for both staus. The invariant mass distributions show a resonance peak at the

mass of the H0 boson on top of the Drell-Yan continuum in all four considered scenarios.

For point α considered in figure 8 (a), the peak is close to the threshold, mτ̃1τ̃∗

1
≈ 2mτ̃1 ,

and the distribution falls off steadily at higher invariant masses. Such a Higgs resonance

at the beginning of the invariant mass distribution is a strong hint towards efficient stau

annihilation in the early Universe, as further discussed in section 6 below. In the invariant

mass distribution for point γ shown in figure 8 (c), the H0 resonance lies on top of the

maximum of the Drell-Yan contribution and the peak is very pronounced. For points β
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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
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.

We find that the upper limits on mG̃, which have been obtained for a given mτ̃ in the

gravitino LSP case and which imply upper limits on the SUSY breaking scale [47, 143],
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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
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.

We find that the upper limits on mG̃, which have been obtained for a given mτ̃ in the

gravitino LSP case and which imply upper limits on the SUSY breaking scale [47, 143],
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