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e Extremely Weakly Interacting Particles (EVVIPs)

e Cosmic Relic Abundances (Th.Relic, Th.Prod.)
e Calculation of the Collision Term (Hard + Soft)
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[Raffelt, '06]
Bounds on the Peccei-Quinn Scale

Bounds from Axion Searches
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AXxion Interactions
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AXxion Searches
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Updated figure provided by M. Kuster for [FDS, 081 1.3347]
see also [Battesti et al.,0705.0015]
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AXxion Dark Matter

1% T T T TTTTT T T ||||||| T T T TTTTT T T |||||§

- Qcpuh? -

3 ~3

: R :

10°F O3 E

= =

- QY. .

-4 e',‘)/“' N

10 5 E

e Q. h g :

G i Ot 3

10°E R , 3

E T N NS Ah7 3

E.." ‘< E

o F N ]

10" g PN E

C [ ]0&\ ]

N~ O

E‘[Graf, FDS, arXiv: 1008.4528] CENEE ~ \a

10-10 | | ||||||| | | ||||||| | 1 1 11111 | \I\I |||.|
10° 10’ 10" 10" 10"

frq [GeV]

Axion Mass
me ~ 0.6 meV (10'° GeV/ fpq)

Frank D. Steffen (Max-Planck-Institute of Physics, Munich) On calculations of cosmic relic abundances of EVVIPs



AXxion Dark Matter
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Cosmic Relic Abundances [details—> blackboard]

reheatlni temp. decoupling temp. of X

e TR>Tp: 1+2 2 3+X

e )
T > Tp: X in thermal eq. with the primordial plasma

\T ~ Tp: X decouples as a hot thermal relic

e TR>Tp: I+2 — 3+X

- N
To >>T: Xis never in th. eq. with the prim. plasma

kbut thermally produced —> Boltzmann eq. )

collision term
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Calculation of the Collsion Term  [cf Braaten,Yuan, '91]

T

e Thermal Production Rate of X

/ \

e Soft Part: k < keut * Hard Part: If > Keut

FProcess A: g® + g% — g° + a

Process B: ;. +g; — g“ + a

’»,’ -
< ‘A =2
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-
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Process C: g:; + g —> g; + a (crossing of 13)

e Hard Thermal Loop (HTL) Resummation

[details—> blackboard]
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AXxion Dark Matter
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AXxion Dark Matter
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AXino Interactions

® with gluons and gluinos

2
S

6472 f,

Lagg =1 avs Y. 9 G,

® with photons/Z-bosons and binos  model dependent

. aYCaYY = = .
aB~y/z — 67T, avs [vu, | B (cosOw F,, —sinfyw Z,,)

but crucial for axino searches
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[Brandenburg, FDS, '04]

Thermal Production of

Axino Dark Matter

in the Early Universe
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Axino Number Density for f, > Tp > Tr 2> 10* GeV

e Boltzmann equation: time evolution of axino density n; in the thermal bath

dng dl'; . _ e -
o +3Hn; = C3 = / d>p - generation of a — annihilation of a
dt d3p
e collision term for a(p1)+ b(p2) — c(ps) + a(p): (Cotbscra € Cz)

3 d3
4 ¢4

z:1

X [|Ma—|—b—>c—|—d‘2fafb(1 + fc)(]- _ fd) — ‘Mc+d—>a—|—b|2fcf&(1 + fa)(l + fb)]

e phase space densities: f; — number densities: n; = [ (277)32 £ g: fi(E;)

a,b,and c: f; = ;" = fp/p = exp(Eil/T)qu : axino: fz ~ 0

Frank D. Steffen (Max-Planck-Institute of Physics, Munich) On calculations of cosmic relic abundances of EVVIPs



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

Axino Interactions <— Hadronic (KSVZ) Axion Models

e axino—gluino—gluon interaction:

(g

" 16n(f,/N

Lagg = ya%s [0 57 G,
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Thermal Axino Production in SUSY QCD
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Axino Production in 2 — 2 Processes
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e Separation of Scales:

-

gl < AT +

g <1 [Braaten, Yuan, 1991]

e Soft Part: Axino Self-Energy

— eff. HTL resummed propagator

(e Hard Part: Relativ. Kin. Theory

— bare propagator

dl'; ImX(E + ie, p) dr'; 1 (1
B = fr(E) o :_/ _IM[*(|p1 — ps| — A
d3p soft (27T)3 IP1—P3[<A d’ hard E 21;[1 | | (‘ 1 3| )
A T
g VAN J
4 . . . . )
e Thermal Production Rate: * complete to LO in g , * finite |, * indep. of A
dl'~ dl'~ dI' 5 1
) TG =k 3G TG — Asoft + Ahard + Bln [_]
4°P L0 in g a°p [ oo 4°P [hara g
\_ J
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The Collision Term to Leading Order in the Coupling g

hard)

dl';
d3p

n dl';
d3p

e Collision Term: Ca(T) = / dBP(

soft

(N2 —1)3¢(3)g°T° 1.380 72
Ca(T) = (F.7N)? 400677 ( 2 ) (Ne+mnyg)+0.4336 nf]

e Thermal Gluon Mass in the “QGSGP”:

2T2
m3:g6 (N.+mnys) with N.=3 and ny=6

e Running of the Strong Coupling in the MSSM:
3 T 1\ /2
g(T) =g *(Mz)+ —In | — —  0.85 for T ~ 10'° GeV
87T2 MZ
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Solving the Boltzmann

Equation — Axino Abundance

4 . ) ( e Boltzmann equation A
e Boltzmann equation
d Ch
dna —Yd = —
dt —+ 3H’na = Ca dt S
. e radiation dominated epoch
e conservation of entropy
dT’ g« (T)m2 T?
S = . dt = — H(T) = \/
SR const H(T (T) 90 Mo,
e yield — scale out expansion e entropy density MSSM
N
Y, = — 272 915
S S(T) — EQ*S(T)T?)a gxS — gx — 4
g /. J
" e Axino Yield from Thermal Production h
Ci(T 1.108\ /10 GeVY /[ T
Y & (Tr) =20x10""¢%In{ —— ° I
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e Axino Density from Thermal Production ,
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AXxino LSP Case
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see also [Covi et al.,’0l]

and [Strumia,’ 0]
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AXxino LSP Case
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4 Thermal Axino/ A
Gravitino Production
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Thermal Leptogenesis
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Thermal Leptogenesis
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The gravitino
can become a

problem ...
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Upper Limits on the Reheating Temperature
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Neutralino LSF

Late Decaying Gravitinos
from Thermal Production

ngp(ﬂow) o Cs(1R)
S(Tlow) s(Tr)H (TR )

Z M?(TR)
=1 3m5

Y2 (Tiow) =

X In ki IR
gi (TR) 1010 GeV /)’

[Pradler, FDS, '07]

\

J

(Unstable Gravitino\

] T T |||| | THT || T T/TTT ||| |_|

o [ )

o m. E

. | toge S

. = Yp(IT) 3

> Cloms/ | 5 1

Cq.; 108 . LiXH -

™, - :

ﬁ 107 ; DXH (High Yp (FO) _:

= E

; S°He/D D/H (Low) ]

10% & 6y E

a Case 1 7

105 | IIIIIII| | IIIIIII| | IIIIIII| [ 1
1072 103 104 105

mg [GeV]
BBN constraints

+ (OpMm constraint
for neutralino DM
[Kohri, Moroi, Yotsuyanagi, '05] y

Thermal Leptogenesis requires T >10° GeV

On calculations of cosmic relic abundances of EWIPs

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




Upper Limits on the Reheating Temperature

r ., e (s sge )
Stable Gravitino LSP Unstable Gravitino
0 mg = mg, tan3 =10, Ag =0, u >0
10 LR A 2000 - e MUY LU L P/ L AT UL
oot < g / &/ / M/ f E
Thermal Leptogenesiss| ™ CMSSM o Thécmial ldptogenasis
A 500 & not LSP . 10 = Yo(IT) 3
. 15 SLi / > o : ]
E 108; ; igoo L% cqs 108 = 7LI H -
P: R il | ow = =
N ] S 100 b ﬁ 107 ; D (ngh Yp(FO) _;
107? ] 50 g v §3He/D O/H (Low) E
20 - 10° & 6 E
4 _ 3 Case 1 ]
10857, ! T BT B 10k : | A . 105 Cooml ol vl
0.1 1 10 100 1000 100 200 500 1000 2000 5000 102 103 104 105
mé [GeV] m1/2 [GeV] m - [GeV]
° ° G °
Qpbm constraint + BBN constraints BBN constraints
for gravitino DM - + Qpm constraint
[Pradler, FDS, '07] 7 me Y
adler, Lo, Tr S 4.9 x 10" GeV (10 GeV) for neutralino DM
L [Pradler, FDS, arXiv:0710.2213] [Kohri, Moroi, Yotsuyanagi, '05] |

Thermal Leptogenesis requires T >10° GeV

On calculations of cosmic relic abundances of EWIPs

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



Conclusion

Refined calculations of the
thermal production of
extremely weakly

interacting particles
(EWIPs) are worth pursuing
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