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Why is
Dark Matter

ah exciting topic?




Our present picture of the Universe
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95% of the energy content of the Universe

cannot reside in Standard Model particles




There is striking

evidence for

Dark Matter ...




Evidence for Dark Matter in the Universe

O Spiral Galaxies

* Rotation Curves

2al

TTTTTTTT TTTTTTTTT TTTTTTTTT TTTTTTTTT TTTTTTTTT | TTTTTTTTT]
Y Ohserved =
o Sun's velocity is =
200 = about 220 km/sec -
= - S Differenceis contributed ]
@ C T, by the dark matter halo, 3
=2 - e -
= - Sun’s velocity should h"'““nhm .
2 - be only 160 kimisec T 3
2 C T 7
= 100 Visible matter only =
= C -
"6’ - —
o C -
a0 —
D :I I | I | | I I | I I | I | I ’:

0 il 10 15 20 Z3 30

Distance from Center (kpc)

The gravity of the wisible matter in the Galax<y is not enough to explain the high orbital
speeds of stars in the Galaxy. For example, the Sun is meving shout 80 knfsec too fast.
Thepart of the rotation curve contributed by the wisible matter only is the bottom curve.
The discrepancy berween the two curves is evidence for a dark matter halo.
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Evidence for Dark Matter in the Universe

O Spiral Galaxies

* Rotation Curves

e

O (Super-) Clusters of Galaxies h

* Galaxy Velocities < X-Rays

* Weak Gravitational Lensing

* Strong Gravitational Lensing

PATH OF LIGHT
AROUND
DARK MATTER

DISTANT
UNIVERSE .
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Evidence for Dark Matter in the Universe

O Spiral Galaxies

* Rotation Curves

(Super-) Clusters of Galaxies
* Galaxy Velocities «+» X-Rays
* Weak Gravitational Lensing

* Strong Gravitational Lensing

Large Scale Structure Mlllemum Slmulatlon

* Structure Formation Max Planck Institiite: for Astrophysics
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Evidence for Dark Matter in the Universe

O Spiral Galaxies

* Rotation Curves

O (Super-) Clusters of Galaxies

* Galaxy Velocities < X-Rays _200 WMAP
— o
* Weak Gravitational Lensing Angular scale Qy = 0.005 %
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What is

the identity of
Dark Matter?




Properties of Dark Matter

stable or lifetime well above

the age of our Universe

electrically neutral

clusters =——>

“COId”

dissipationless

color neutral




The Standard Model
GAUGE Gauge bosons (SU@B)c, SU2)L)y
B-boson A,(}) = B, (1,1)o0
W-bosons AP e = 4% (1,3)o
gluon AP e = G, (8,1)o
MATTER Fermions (SU(3)c, SU2)L)y
I
leptons L' = V_LI (1,2)—1
1=1,2,3 er
ECI—GI_%CI (1’1)+2
quarks 7 ut
I=1.23 @ =\ (3.2)1
L
X 3 colors =
( rs) Uel — ust 3,1)_%
Dt = dg! (g,l)+%

HIGGS

(SUB)e,SU2)L,)y

Higgs
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Properties of Neutrino Dark Matter

e stable — T\ 2 age of our Universe
e clusters «— gravitation

e fast — “hot”

e clectrically neutral

e color neutral [ Yvonne Y.Y.Wong et al.]

> iy, S O(1 eV)
Neutrino Dark Matter = Hot Dark Matter

in conflict with Large Scale Structure
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Dark Matter

l

Physics beyond
the Standard Model




Supersymmetry

GAUGE

Gauge bosons

(~ Gauginos

(SU(8)c,SU(2)1,)y

B-boson, bino

W-bosons, winos

gluon, gluino

MATTER

A/(}) = By
AP =qGe

(" Sfermions )

2D =B

A2)a

Fermions

(1,1)0
(1,3)0

(8,1)0

(SU(8)c,SU(2)1,)y

sleptons, leptons
1=1,2,3

squarks, quarks
I1=1,2,3

(x 3 colors)

Higgs, higgsinos

HO
Hg = ¢
Hy
<H+>
H, = “
H,

(1,2)_4
(171)+2

(372)4_%

,1)_%

1), 2

3

(1,2)_1

(172)4-1

Minimal
Supersymmetric
Extension
of the
Standard Model

Every Particle
of the
Standard Model
has a
Superpartner




Conservation of R-Parity
e superpotential:  Wyssm — War + Wag
e non-observation of L & B violating processes (proton stability, ...)

e postulate conservation of R-Parity <+ multiplicative quantum number

(41 for SM, H,, H, )
\(_1 for )A(: — superpartners)

SUSY; / SM|
SUSY, Y, SUSY \
R-Parity ™~ sm i SM;

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

PR = (_1)3(B—L)+S — ¢
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Why Supersymmetry?
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Gauge Coupling Unification at Mgyr ~ 2 X 10'° GeV

Extension of Space-Time Symmetry

Gauge Coupling Unification :

Hierarchy Stabilization .

(Super-) Gravity

Consistent String Theory

Dark Matter
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Supersymmetric Dark Matter Candidates

interaction_ Cproduetion> Cgonstrainis> @periments

g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)

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

Myy ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)

(MLPI) therm. prod. 7 prod. at colliders (Luc, e, ..

extremely weak NLSP decays + T collection

Mp; = 2.44 x 1018 GeV + T decay analysis: mg, Mp1 (7)

(f%) therm. prod. 7 prod. at colliders (Luc, 1LC, ..
extremely weak NLSP decays + 7 collection

fa = 102 Gev + 7 decay analysis: mg, fq
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Dark Matter

Neutralino LSP
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Supersymmetric Dark Matter Candiates

LSP ID spin mass interaction

4 )

lightest neutralino X3 B, W, HY H 9 O(100 GeV)

N

mixture

tan8 =10, Ag =0, £ >0

1N
o
o

Running Mass (GeV)

Q

Evolved back using RGE

AN S YT T T B
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LogipQ (GeV) ea7 1000 2000

303A15

I *) m1/2 [GeV]

GUT [Pradler, FDS,’07]
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X} LSP Dark Matter: Production, Constraints, Experiments

4 )
LSP interaction production constraints Cold Thermal Relic

X1 g, g WIMP — cold 0.001

weak freeze out 10 g

10" Increasing <o,v>

freeze out 3 :
m/T¢~ 20 ¢ """" !

1 10 100 1000
x=m/T (time -)

[... , Jungman, Kamionkowski, Griest, '96, ...]
\§ J
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X} LSP Dark Matter: Production, Constraints, Experiments

4 )
LSP interaction production constraints .
Cold Thermal Relic
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X} LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints
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X} LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints
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X; LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

55(1) g, g’ WIMP «— cold (o indirect detection (EGrRET, GLAST, ...) )
weak freeze out neutralino pair annihilation
5(/? 5(/? — SMl SM2
Y,
AMSO02
PAMELA
neutralino
AMANDA

energetic
cosmic rays

IceCube

neutralino
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Xi LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

X1 g, g WIMP +— cold e indirect detection (eGreT, GLAST, ...)

weak freeze out neutralino pair annihilation

I xY — SM; SM,

neutralino (e direct detection (CRESST, EDELWEISS, ...) A
elastic neutralino scattering
nucleus SOA 5 30A
\ X1 X1 y

] EURECA
EDELWEISS-2

heat

CDMS I
LUX XENONIO
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Cross-section [pb] (normalised to nucleon)
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

% g, g’ WIMP «— cold e indirect detection (EGrET, GLAST, ...)

weak freeze out neutralino pair annihilation

X1 Xi — SM; SM»
proton neutralino

e direct detection (creEssT, EDELWEISS, ...)

elastic neutralino scattering
Standard
Model X1A—XxTA

particles e . ~N
e prod.Qcolliders (Tevatron, LHC, ILC, ...)

proton neutralmo

neutralino pair production

PP — 55%_) 55]_ . (Tevatron, LHC)

+ - ., =00

€ € — X1X1-- (ILC)
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Neutralino DM Production at the LHC

4 )
Neutralino
SM Particles
. Neutralino
SM Particles Reoari .
-parity conserving
The signal : jets + leptons +
[from B. Dutta’s Talk, SUSY 2007]
1\ J
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Collider Searches

[

proton neutralino on goin g
searches
Standard at |

Model Tevatron

proton neutralino

CDF DO [
Ermissing=360 GeV | B

Er(V=330 GeV __——

Er(®=140 GeV

Er®=60 GeV  Er(=330 GeV

The signal:
jets + leptons + large Ex™iss

particles PP @ 2 TeV T




Xi LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments

(
% g g WIMP — cold
Neutralino
weak freeze out
energetische
kosmische
Strahlung
4 . . )
20 = Qpy is possible!!!
\_ ! Y,
( tan 8 — 10, Ag — 0, u > 0 \
000 G :O'mw:ggi/”- Proton Neutralino A;
1000 /,’ - >
e el / Standard-
E 500 i modell-
E teilchen
100 -
i 5 ] Proton Neutralino
50 B 71 LSP 1 [e]
o g \
200 & = |
. (promlsmg experimental prospects)
My 2 [GeV]
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... hOowever, SUSY
phenomenology

might look very

different ...




Dark Matter

Gravitino LSP
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Supersymmetric Dark Matter Candiates

LSP ID spin mass interaction
lightest neutralino X3 E, W, ﬁg, H y % O(100 GeV) g, g
e MSSM mixture My, Mo, i1, tan 3 weak
( ~ n
gravitino G superpartner of % eV — TeV (MLPI)
x gravity the graviton SUSY breaking | extremely weak
\_ J

mg ~ A+ a S ~ M
gauge-MSB gravity-MSB anomaly-MSB
gaugino-MSB mirage-MSB

light weak-scale heavy

gravitino gravitino gravitino
| eV-1 GeV 0.01-1 TeV 1-100 TeV
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
X5 g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (cressT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)
G (@) (therm. prod. <« cold ) Very Early Hot Universe
Pl
extremely weak NLSP decays <« warm (T ~ 107 GeV)
Mp] = 2.44 x 1018 GeV ga - é
@%&\ c
Zé’?% + ...
§
$
gb <§ gc
[... ; Bolz, Brandenburg, Buchmuller, ’'01]
[Pradler, FDS, 06]
\_[Rychkov, Strumia, '07] (gauge dep.)
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Thermal G Production

]_01077\‘ T T \\\\H‘ T T \\\\H‘

Qg i? = 0,105

107

Thermal Leptqg :

1067\ Ll Lol Lol L
0.1 1 10 100
mg [GeV]
[Pradler, FDS, ’07]

see also [Moroi, Murayama, Yamguchi, ’93,

L
1000

Asaka, Hamaguchi, Suzuki, 00, Roszkowski et al., ’05,
L Cerdeno et al.,’06, FDS ’06, Rychkov, Strumia, ‘07])

~N
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
X5 g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (crRessT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)

i )
i [Covi, Kim, Roszkowski, '99] 1

NLSP — LSP + SM | 1
T <10 GeV E

G (MLPI)TL therm. prod.  « cold .
extremely weak (NLSP decays <« Warm) =R

Mp] = 2.44 x 1018 GeV

4 ) -
NLSP Candidates | ® lightest neutralino s E
- \
e L \
e lighter stau ) s NLSP oy i-—
_ [ freeze out
- m/T¢~ 20
* Ilghter stop 781 o Hml‘o o ““1‘00 o “‘1‘600
\ x!=m/T (time -) )
e Jightest sneutrino
___ '8 y
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
X5 g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (crRessT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)

i )
i [Covi, Kim, Roszkowski, '99] 1

NLSP — LSP + SM | 1
T <10 GeV E

G (MLPI)TL therm. prod.  « cold .
extremely weak (NLSP decays <« Warm) =R

Mp] = 2.44 x 1018 GeV

4 ) -
NLSP Candidates | ® lightest neutralino s E
- \
electricall 6 [ \
y e lighter stau )| "0 NLSP -y
charged _ [ freeze out
- m/T¢~ 20
* Ilghter stop 781 o ““1‘0 o “‘1‘00 o “1‘600
\ x!=m/T (time -) )
e lightest sneutrino
___ '8 y
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tan3 = 10, Ag = 0, u>0
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4 ~ ) N ~ )
Thermal G Production 7 NLSP — G + T
1010;\ AR R ]
- Q30 h2=0.10510902!
1087, S 5 10 20 50 100 200 500 1000
0.1 1 10 100 1000
meg [GeV] ma [GeV]
9
[Pradler, FDS, ‘07] [FDS "06]
see also [Moroi, Murayama, Yamguchi, ’93, see also [Borgani, Masiero, Yamguchi, 96,
Asaka, Hamaguchi, Suzuki, ’00, Roszkowski et al., ’05, Asaka, Hamaguchi, Suzuki, ’00, Ellis et al., ’04,
L Cerdeno et al.,’06, FDS ’06, Rychkov, Strumia, ‘07]) _ Feng, Su, Takayama, '04] )
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
X5 g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (cressT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)
~ n 4 )
G (MLPI> therm. prod. «+ cold

extremely weak NLSP decays «— warm

Mp] = 2.44 x 1018 GeV o

\
J
Tr [GeV]

’ \ \ o 5 10 20 50 100 200 500 1000
0.1 1 10 100 1000
mg [GeV]

. J

is possible!!!
- y
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
X5 g, g WIMP +— cold indirect detection (eGreT, gLAST, ..))
weak freeze out direct detection (cressT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)
4 )
G (MLPI> therm. prod. +«+ cold Can we prObe
extremely weak ~ NLSP decays <« warm Gravitino DM
in experiments?
. /
BBN
CMB
Y Tays
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Signatures of Gravitinos in Experiments

— Direct Detection of G

— Direct Production of G
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FNLSP — G + T

long-lived NLSP | €—

5 10 20 50 100 200 500 1000
mg [GeV]
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Gravitino DM @ LHC €<—— Stau NLSP

4 )
2009 Tevatron
LHC Parﬂcle detector stau D@ RUI‘I " Preliminary
: L =390 pb”
proton proton

T T lllllII

— 95% CL Cross Section Limit

stau NLO Cross Section Prediction

—
-
-
-
-
o
-
-
-

The signal:
jets + leptons

+ 2 “stable”
charged particles

T T T
LEP Excluded

llllll

L]
IIII|IIIl|IIII|IIII[Illl.'lI

50 100 150 200 250 300
Stau Mass (GeV)

Very different from the large ET™'ss signal of Neutralino DM
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“Stable” Charged Massive Particle @ LHC

Long-Lived Stau NLSP
[from P. Zalewski’s Talk, SUSY 2007]
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Signatures of Gravitinos in Experiments

— Direct Detection of G

— Direct Production of G

% “stable” charged sparticles % long-lived charged sparticles

2009 20??  particle detector
LHC particle detector /' stau ILC ’\ gravitino
tauy Stau
proton proton electron A\ A\ positron
vV vV
\ / / stau
additional i Shoton
stau detector —
material gravitino

... ; Buchmiiller et al., ’04; Hamaguchi et al., ’04; Feng, Smith, '05; Martyn, ’06; ...]
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints experiments
X5 g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (crRessT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)
~ n _ . )
G (MLPI) therm. prod. <+« cold T prod. at colliders (Luc, 1Lc, ...)
extremely weak NLSP decays <« warm + T collection
Mp| = 2.44 x 1018 Gev + 7 decay analysis: mg, Mp1 (7), ...
\_ J
BBN
CMB
Y Tays
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LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production experiments

X5 g, g WIMP «— cold indirect detection (eGreT, GLAST, ...)
weak freeze out direct detection (crRessT, EDELWEISS, ...)
My ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)
~ n f~ . N\
G (MLPI) therm. prod. <+« cold T prod. at colliders (Luc, 1Lc, ...)
extremely weak NLSP decays <« warm + T collection
Mp| = 2.44 x 1018 Gev + 7 decay analysis: mg, Mp1 (7), ...
\§ J
BBN
CMB
v rays
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Does your theory

allow for

successful BBN?




FNLSP — G + T

long-lived NLSP | €—

5 10 20 50 100 200 500 1000
mg [GeV]
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Big-Bang Nucleosynthesis

Baryon density Qph?
0.005 0.01 0.02 0.03

T T T | |/// T =
C 7T T T R e o S ST e DRSNS S Tt T s
P e e e et L e e NN L e e
e e L T e e B e e
tos LN NS T L
1 o AR Y A T T

—DH],

z% -
104 - Néﬁg =

——3He/H|,, Rl

- . . . N7
. . . A

1079 E

L/t

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

[Particle Data Book 2006]
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Big-Bang Nucleosynthesis

Baryon density Qph?
0.005 0.01 0.02 0.03 Minutes: 1/60 1 5 15 60

zE e ceas s s TR ‘I‘%‘?‘-T:T-I‘--:"-ﬁ A R

= Ay
E o YHe iyl uR O A

k €

RN

T~ D/Hj,

1074 |

Z\I
SRCMB
AN
|
5T—-
m&
(¢}

|
|
)b

E\ 3He/H|p

— s ! y
10-5 \# .~ [Burles etal.,’99]
: , , N7 P ¥ 0K seMev)  10'K (086Mev) 10K B6keV) 10K (8.€

Temperature

Dp / SHeD ‘*He“He
DD1

p.n
SHe n @ Ben
Dy

Lip

1 2 3 4 5 6 7 8 910 \
Baryon-to-photon ratio 1 x 10719 DD2 TD He T
. —
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Big-Bang Nucleosynthesis

Baryon density Qph?
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Big-Bang Nucleosynthesis

Baryon density Qph?
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Catalyzed BBN [Pospelov, '06]

@Ih He g
Q\ ﬂ@
7R
DQ stau®|0h

Standard
Model
particles

gravitino

[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 9Be: [Pospelov, '07; Pospelov, Pradler, FDS, "08]
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[Pospeloy, Pradler, FDS, '08]
Current Status of (C)BBN Constaints

N
disfavored
by
cosmological
constraints
\ J

see also [FDS, hep-ph/0611027]
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Why are the

cosmological
constraints

sOo important!?




Gravitino DM @ LHC €<—— Stau NLSP

4 N - - )
2009 5] |

LHC article detector stau

proton proton

stau

severe

1! ‘ BBN bounds |
The signak 5 10 20 50 100 200 500 1000
. mg [GeV]
jets + leptons , ,
Cosmological Constraints
+ 2 “stable” [FDS, 06, FDS, hep-ph/06 1 1027]
. [Pradler, FDS, arXiv:0710.4548]
charged particles | [Pospelov, Pradler; FDS, ariv:0807.4287]

Very different from the large ET™'ss signal of Neutralino DM
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Dark Matter

AXxino LSP
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Supersymmetric Dark Matter Candiates

LSP ID mass interaction
lightest neutralino X3 B,W,H% H° O(100 GeV) g, g’
e MSSM mixture My, Mo, 11, tan 8 weak

My ~ 100 GeV

gravitino G superpartner of eV — TeV (MLPI)
x gravity the graviton SUSY breaking extremely weak
* local SUSY Mp; = 2.44 x 10'® GeV
4 )
axino a superpartner of 777 (f%)
x strong CP the axion model extremely weak
fo > 10° GeV
. /
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints experiments
%! g, g WIMP «— cold indirect detection (EcreT, cLAST, ...)
weak freeze out direct detection (crEssT, EDELWEISS, ...)
My ~ 100 GeV prod.@Qcolliders (tevatron, LHC, ILC, ...)
~ n
G (MLPI) therm. prod. +«+ cold 7 prod. at colliders wuc, 1LC, ..))
extremely weak NLSP decays <« warm + 7T collection
Mp; = 2.44 x 1018 Gev BBN + 7 decay analysis: mg, Mp1 (7)
a (f%) therm. prod. +«+ cold T prod. at colliders (Luc, 1Lc, ...)
extremely weak NLSP decays <« warm + 7T collection
fa 2 109 GeV BBN + 7 decay analysis: ma, fq
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-

TR [GeV]

Thermal a Production

B IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIl
10°E fo/N = 10" GeV 3
10g E
107:_ DERE T = 0 I |

6L |
o excluded 3
1°F | J
E | 5
[ hot : warm : cold 1
41
10 E 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L1 111l
107° 10" 107
mg [GeV]

[Brandenburg, FDS, ‘04]

see also [Covi et al.,’01]

~N

FNLSP — a + 7

10 20 50 100 200 500 1000
mz [GeV]

identical to the
gravitino case
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints experiments
%l g, g’ WIMP «— cold indirect detection (EGrRET, GLAST, ...)
weak freeze out direct detection (cressT, EDELWEISS, ...)
My ~ 100 GeV prod.@Qcolliders (Tevatron, LHC, ILC, ...)
~ n
G (MLPI) therm. prod. <« cold T prod. at colliders (wuc, 1Lc, ...)
extremely weak NLSP decays <« warm + 7 collection
Mp| = 2.44 x 1018 Gev BBN + 7 decay analysis: mg, Mp1 (?7)
~ » \" ( . )
a i therm. prod. <« cold T prod. at colliders (Luc, Lc, ..)
extremely weak NLSP decays <« warm + 7 collection
fa > 109 Gev BBN + 7 decay analysis: ma, fa

Dark Matter Candidates
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2009
LHC article detector stau

proton proton

stau

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

20?? particle detector

ILC axino
’\tau stau

electron /\ positron
N N
V) \V)

\ / / stau

additional L Shoton

detector

material axino
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Can one distinguish between

g LSP and G LSP

experimentally?
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, '05]

Can one distinguish between the @/G LSP Scenarios?

e Lifetime of the NLSP «— Assumption: 7 = NLSP & ' = B

Very Short/Very Long Lived NLSP — G LSP Scenario

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

r \ N N
a = LSP G = LSP
quLSP A m?7m§7mc~wfa TgLSP —— mzF,Mmg, Mg
0(0.01 sec) < 72LSP < O(10 h) O(1078 sec) < TELSP < O(15 y)
T T T )
fa ~ 107 GeV fo ~ 102 GeV mg ~ 1 keV mg ~ 50 GeV
N Y Y
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20? particle detector
ILC axino/gravitino

stau

tau

electron [ \ positron
N
vV
additional
detector
material axino/gravitino

3-Body Decays
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0 Xy

tau photon
The 3-Body Decays
axino/gravitino
a = LSP: ?R—>7'—|—’7—|—& é:LSP: 7/:3—>7'—|—’y—|—5¥
B B
a G G
————TE—— v ———z———-':?\/\/\,f\/\,’y ———Z—E—— v ———2%————«?}\//\/\,/\/\,7
a a G G
d’T'(Tr — T @) PT(7r — 77G)
drdcos dr.dcos
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, '05]

Axino LSP Scenario Gravitino LSP Scenario
1 d’T(Ffr—T~ &) 1 d°T(Fr—17v Q)
T'(Fr—T v @; a;gyut—a;cut—o 1) dx~ydcos0 F(‘TR—>’T")’G mcut—mCUt—O 1) dw,ydcose
0.75 0.75/
0.5 0.5
0.25 0.25/
S S
0 0 N 0f
9 S
~0.25 ~0.25| ,
-0.5 msz, = 100 GeV -0.57 msz, = 100 GeV
mg = 110 GeV mp = 110 GeV
~0.75 ~0.75
m%/m%R < 1 mé =10 MeV
_1! | | | ‘ y -1t ‘ ‘ ‘ ‘ ]
0.2 0.4 0.6 .8 0-2 0-4 006 0-8 l

axino sighature

Differential Distribution of the Visible Decay Products
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, "05]

a LSP — Peccei—Quinn Scale f, & Axino Mass m
4 hadronic (KSVZ) axion model A

0 Assumption: 7 NLSP & Y° ~ B

. 7/
TR/
/

e 2-Body Decay 7r — 7+a

. o _q ms 1011 GeVY, mps |2
DT —7a) o &7 (25 sec) CaYY(l ms <100G6V)( )(100GeV)
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[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, "05]

a LSP — Peccei—Quinn Scale f,

0 Assumption: 7 NLSP & Y° ~ B

e 2-Body Decay 7r — 7+a

['(TrR —7a) ~ &% (25 sec) " C~ (1

& Axino Mass mg

-

hadronic (KSVZ) axion model

_ 7/
TR/
/

[o Axino Mass m; = \/ m% +m2 —2mzFE, «+— Kinematics

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

a LSP — Peccei—Quinn Scale f,

Covi, Hamaguchi, Roszkowski, FDS, ’05]

& Axino Mass mg

-

~

O Assumption: 7 NLSP & Y° ~ B

e 2-Body Decay 7r — 7+a

hadronic (KSVZ) axion model

. 7/
TR/
/

['(Tp —Ta) =~ 2 (25 sec)™ 1CaYY(

mz

100 GeV

mp

100 GeV

10 GeV )2

(%S

r

e Peccei—Quinn Scale f, —

2

NLSP Lifetime

T 1/F(%R — TgL)

= -7) (weew) (oo )2 101 GeV)”
_ fa (25 Sec) 5 ( m%) 100 GeV 100 GeV ( € ) )
: )
* Axino Mass mg = \/m% +mz —2mzE;, +«— Kinematics
h J
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[Raffelt, '06]
Bounds on the Peccei-Quinn Scale

Bounds from Axion Searches

A . .
heV oy |5 Cosmological Axion Bounds
Astrophysical Axion Bounds
v
meV
4 )
———————————————— — Is the value of
the Peccei-Quinn scale
Y — inferred from axino

searches consistent
with astrophysical axion
bounds and results from
axion searches?

HotDM |

keV

’ Globularclusterstars(photons)

’ Excessradiation

Laboratory

SN 1987A’ Toomanyevents ‘ ’ Burstduration

3
)
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[Raffelt, '06]
Bounds on the Peccei-Quinn Scale

Bounds from Axion Searches

ol 1El Cosmological Axion Bounds
Astrophysical Axion Bounds
meV |
ffffffffffffffff - Agreement between
Axion & Axino Searches
eV -

HotDM |

Strong Hint for the
Axino LSP

keV

’ Globularclusterstars(photons)

’ Excessradiation

Laboratory

SN 1987A’ Toomanyevents ‘ ’ Burstduration

3
)
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Supersymmetric Dark Matter Candidates

interaction production constraints experiments

g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (cressT, EDELWEISS, ...)

Myy ~ 100 GeV prod.Qcolliders (tevatron, LHC, ILC, ...)

(MLPI) therm. prod. 7 prod. at colliders (Luc, e, ..

extremely weak NLSP decays + T collection

Mp; = 2.44 x 1018 GeV + T decay analysis: mg, Mp1 (7)

(f%) therm. prod. 7 prod. at colliders (Luc, 1LC, ..
extremely weak NLSP decays + 7 collection

fa = 102 Gev + 7 decay analysis: mg, fq
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