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[Talk by Georg Raffelt]
Lee-Weinberg Curve for Axions

Non-Thermal
log(Q,)4 Relics

Thermal Relics

Frank D. Steffen (Max-Planck-Institute for Physics, Munich) Axion / Axino DM - BBN Constraints and LHC Phenomenology 4



[Talk by Georg Raffelt]
Bounds on the Peccei-Quinn Scale

L ~ Bounds from Axion Searches
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[Talk by Georg Raffelt]
Lee-Weinberg Curve for Axions

Non-Thermal
log(Q,)4 Relics

Thermal Relics
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[Graf, Steffen, | |]
Lee-Weinberg Curve for Axions
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AXxion Interactions

® with gluons Lo = ge q (e (anv
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Axion Decoupling Temperature

reheatlni temp. decoupling temp.

e TR >Tp: I+2 & 3+axion

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

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

e TR >Tp: |+2 — 3+axion

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

kbut thermally produced —> Boltzmann eq. )

collision term
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[Graf, Steffen,’| 1]

Thermal Axion Pr'oductlon in the Hot QGP
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[Graf, Steffen, | |]

Lee-Weinberg Curve for Axions
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Conclusions - Part |

e | ee-Weinberg curve for axions
* two guaranteed axion populations

e axions from the misalignm. mech. may provide all
or only a fraction of Q4m - depending on frq & O

o thermal relic or thermally produced axions will
be present as a HDM with < Ay << Qdm

T

extremely challenging
to detect experimentally
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Extremely Weakly Interacting Particles (EWIPs)

g Extensions of the Standard Model
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Extremely Weakly Interacting Particles (EWIPs)

g Extensions of the Standard Model A
Peccei-Quinn Symmetry & Supersymmetry
Axions Axinos Gravitinos
f.>107 GeV f.>10° GeV Mp=2.4x10'8 GeV
spin 0 /2 3/2
mass | <|0meV ? eV-TeV
int. oc(p/fa)" oc(p/fa)" oc(p/Mp)"
\ J
[see also talk by Howard Baer]
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AXxino LSP Case
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Big-Bang Nucleosynthesis

Baryon density Qph?
0.005 0.01 0.02 0.03

T T T | I/// T —
B L T T T T T e T T e L ST T LT AN WY T, T T T T T.T
| R I N L I T A N NN Y ¢ <009 IO ICICL N S~
I * I B e A S B
| e
1 N\

. 0

1 .
1

SRR TN R &

o€ e
W@ o o
Standard He

Model
particles

—DH],

1074

Z\I
&\\\\\\\\

1075 -

=
II
)b

N4

——

1 2 3 4 5 6 7 8 910
Baryon-to-photon ratio 1 X 10710

[Particle Data Book 2006]

Frank D. Steffen (Max-Planck-Institute for Physics, Munich) Axion / Axino DM - BBN Constraints and LHC Phenomenology 19



[Freitas, FDS, Tajuddin, Wyler, ’09]

Late Hadronic Energy Injection
4 )

ol
Q

®
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Catalyzed BBN [Pospelov, '06]

axino/
grawtmo

stau@ 10 h

Standard
Model
particles

[Cyburt et al,,'06; FDS, 06; Pradler, FDS,’07;
Hamaguchi et al.,, ’07; Kawasaki, Kohri, Moroi, ’07/;
Takayama, ’07; Jedamzik,’07; Pradler, FDS, 08]

CBBN of "Be: [Pospelov, '07; Pospelov, Pradler, FDS, '08]

21

Frank D. Steffen (Max-Planck-Institute for Physics, Munich) Axion / Axino DM - BBN Constraints and LHC Phenomenology



[Freitas, Tajuddin, FDS, Wyler, '09]

Stau Decays into Axinos
N [

mx [TGV]
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[Freitas, FDS, Tajuddin, Wyler, 0909.3293]
AXxino LSP Case with a Charged Slepton NLSP
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Axino DM @ LHC <&—— Stau NLSP

4 )
2009 12
LHC article detector stau
proton proton

stau

The signal:
jets + leptons

+ 2 “stable”
charged particles

Very different from the large ET™'ss signal of Neutralino DM
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Stau Production @ LHC

4 )
® Production in cascade decays

P determined by
- squark + gluino production
, i W - A (& BRs)
" T Y
4 ] ] )
® Direct production
P Drell-Yan
q 7 (known @ NLO (S)QCD
/Z N ’7‘1* [Benakker, Klasen, Kramer, Plehn, Spira; ’99]
i \\\ and @ NLL [Bozzi, Fuks, KIasen;’06])
\ J
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[Lindert, Steffen, Trenkel, | |]
Direct Stau Production at Hadron Colliders

(

Drell-Yan production :
s 0(0®) & NLO (S)QCD O(a%a?)

bb annihilation

7:/1//' 7’/1//’ 2
W\j\f bg f;o‘/‘;la‘\j\f O(CM )+ bottom PDFs

[del Aguila, Ametller;’91; Bisset, Raychaudhuri; '96]
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[Lindert, Steffen, Trenkel, | 1]

Stopping of long-lived staus
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[Hamaguchi, Nojiri, de Roeck, '07]
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Stopping of long-lived staus

200G |12 202? particle detector
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

a LSP — Peccei—Quinn Scale f,

& Axino Mass mg
.
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[Raffelt,'06]
Bounds on the Peccei-Quinn Scale

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

Agreement between
Axion & Axino Searches
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[Raffelt,'06]
Bounds on the Peccei-Quinn Scale

Agreement between
Axion & Axino Searches
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Conclusions - Part 1

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

e axinos from therm. prod. and NLSP decays may
provide (a fraction of) Q4m - dep. on fpg, TR, Mstau

e stau NLSP is possible - CHAMP signal @ LHC
e BBN constraints - new mseay-dep. upper limits on fpg

e |LHC pheno - prod. & stopping of staus - probing frg

T

complementary to frq determ. in axion searches
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The European Physical Journal C volume 59 - number 2 - january - 2009

For a review (including an EP]
extensive list of references),

Supersymmetry at the dawn of the LHC

see

[FDS, Dark Matter Candidates,
Eur. Phys. J. C59 (2009) 557,
arXiv:0811.3347]

WIMP Mass [GeV/c?]

@ Springer

Frank D. Steffen (Max-Planck-Institute for Physics, Munich) Axion / Axino DM - BBN Constraints and LHC Phenomenology 33



Bonus slides
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[Lindert, FDS, Trenkel,’ | I]
Direct Stau Production @ LHC
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10' e L Y B B A O L B L B L B R B IR
pp ->%,%;* 14 TeV LHC ] pp > %,T;* 14 TeV LHC -
o[ ]
10° mA = 400 GeV 3 107 E Mz =190 GeV, m, = 400 GeV E
=107 B a: = I i
S F e 3 10! = E
© [ T ] = F 3
102 TN = - -
163 DY (NLO) - ] 102 DY (NLO) w777 :
DY +|b.5 + g|g | | | | :..DY I-|_. .t)..B. I-|-. .g.g. Lo b b by by by ]
100 150 200 250 300 350 400 450 0 10 20 30 40 50 60 70 80 90

Mz, [GeV] O5
1005""I""I'"'I""I';';I""I""I"'E B L L e B S e =
[ My, = 200 GeV ] Lo0L Mz, =190 GeV, mp =400 GeV |
=10 F E . g 7
=3 - ] 310_1:_ i
°© - ] © :
107 FEE G NLS E 107 E
Dy o o) : - DY (NLO) - :
ot 560 b0 56—t bt 56— o[ DY+ DB+ 99 7T, . . |

10 — — — — :

10 20 30 40 50 60

mpe [GeV] tanB

o
9; =45 R mz = 200 GeV,
tan g = 30, =500 GeV, ma = 400 GeV.
My = My = M3 =1.2 TeV, Ay = Ay, = A, =600 GeV,
ms =msy =mp =1 TeV mi; =mzp = 500 GeV
_ Qi Ui D; ? Lys2 Ey o )

Frank D. Steffen (Max-Planck-Institute for Physics, Munich) Axion / Axino DM - BBN Constraints and LHC Phenomenology 35



[Lindert, FDS, Trenkel,’ | |]
Kinematical Cuts
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[Lindert, FDS, Trenkel,’ | I]
Direct Production vs. Cascade Decays
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[Freitas, Tajuddin, FDS,Wyler, '09]
Maxinoy Mgravitino < Mstau
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