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Why is
Dark Matter

ah exciting topic?
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Our present picture of the Universe

p
photons
Q, = 0.005 %

baryons
QB =4%

! baryon asymmetry ?

nNeutrinos

0.1 %= Q=15 %

k? neutrino mass ?

v

Standard
Model
particles

dark matter
22%

P
dark energy
QDE =73%

{ vacuum energy ¢

\.

~\

/

dark matter

QDM =22 %

! identity?

95% of the energy content of the Universe

cannot reside in Standard Model particles




There is striking
evidence for
Dark Matter ...
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Evidence for Dark Matter in the Universe

O Spiral Galaxies

* Rotation Curves
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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

G (Super-) Clusters of Galaxies
* Galaxy Velocities < X-Rays

* Weak Gravitational Lensing

* Strong Gravitational Lensing
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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
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Evidence for Dark Mze

O Spiral Galaxies

* Rotation Curves

O (Super-) Clusters of Galaxies
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What is
the identity of
Dark Matter?
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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(3)e, SU2)L)y
B-boson A,(}) = B, (1,1)0
W-bosons AP e = 4% (1,3)o
gluon AP e = G, (8,1)o
MATTER Fermions (SU(3)c, SU2)L)y
VL
leptons L' = . (1,2)—1
I1=1,2,3 €r
ECI—GI_%CI (1’1)+2
quarks ; ul
I:172a3 Q - dI (3’2)4‘%
L
x 3 colors _
( ) Uc I — U%I ( 3 , 1 )_%
Dt = dg! (g,l)+%

HIGGS Higgs Boson (SU(3)c, SU2)L)y
¢—|—

Higgs = (1,2)41
¢O
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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,SU2)1,)y

B-boson, bino

W-bosons, winos

gluon, gluino

MATTER

AS) = By
AP =qGe

(" Sfermions )

2D =B

\2)a

Fermions

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

(8,1)0

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

sleptons, leptons
I1=1,2,3

squarks, quarks
1=1,2,3

(x 3 colors)

Higgs, higgsinos

HO
Hg = ¢
Hy
<H+>
H, = “
H,

(1,2)_4

(171)+2

(372)4-%
1) _a

1), 2

3

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> @perimens

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 + 7T 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 mags interaction
F: S e
lightest neutraline %Y B,W,H,,H; 1 O(100 GeV) g, g’
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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

= Q~ 2 __ _ Ydec T h2
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Xi LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
X1 g, g WIMP «— cold
Neutralino
weak freeze out
energetische
kosmische
Strahlung
( [ ] [ ] \
Q-0 = Qpm 1s possible!!!
X1 M
\_ J Warme
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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]
\ J

22
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Collider Searches

-~

neutralino ongoi ng
searches

Standard at

proton

Er(V=330 GeV¥

E-¥=140 GeV¥

jets + leptons + large Ey™Iss

Model Tevatron S &
particles pp @ 2 TeV L

CDF DO &




... hOwever, 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 X} E, W, ﬁg, H y % O(100 GeV) g, g
e MSSM mixture My, Mo, i, tan 8 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

Frank D. Steffen (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 26



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

The Supergrawty Lagranglan (N—I d=4)
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints experiments
% g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (creEssT, 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 R é
@%&\ c
z, ??G +
é oo
$
gb <@ gc
[... ; Bolz, Brandenburg, Buchmuller, ’'01]
[Pradler, FDS, 06]
\_[Rychkov, Strumia, '07] (gauge dep.)
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[... ; Bolz, Brandenburg, Buchmuller,’01, Pradler, FDS, '06]
Thermal Gravitino Production in SUSY QCD

e Aig*+g" =G +G

g’ 2 . a g Pty a & a & % a
%‘@ + s + Nbp/ + =
g’ <é"§ <§C g® (66§66< g° g® (66?666 {vg%% g° g® (G(‘(’égé< g°
¢ Big" 45" —g°+ G (crossing of A) + electroweak
e C: g +9“ — q; + G di S a . .
/\ contributions

ga (666666 qj
_ [Pradler, FDS, ’'06]
e D: g° + q; — G; + G (crossing of C)

* B G+ — "+ G (crossing of ©) IPpradler, Diploma Thesis, '06]
N ~“—|—g —>9 +G
ga

~a

e H:Gi +3* — g +G

e I: g; +d; — g% + G (crossing of G)
e J: Gi + "¢ — §* + G (crossing of H)
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[... ; Bolz, Brandenburg, Buchmuller,’01, Pradler, FDS, '06]
Thermal Gravitino Production in SUSY QCD

.A:ga_|_gb_>§c_|_é

a a

g 2 a g - a g - a g - a
2 gC QE\Q‘@ QZZZ‘@ @222;\
&6\\ (>}
?’G@ + ga + gb : + :
b @é b b %&% b ééé
IS ~C S ~C S ~C & ~C
g ¢ g g ¢ g g g g ¢ g

e Big®+3" — g° + G (crossing of A) + electroweak

e C: i +9* — G, + G G a3 . .
¢ contributions
) [Pradler, FDS, ’06]

Helmholtz-
Nachwuchspreis

fur
Astroteilchen-
e I gi +q — §° + G (crossing of Q) physik 2006

e J: Gi + "¢ — §* + G (crossing of H)
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e Separation of Scales:

g < AT <+ g<1 [Braaten, Yuan, 1991]
~ N/
e Soft Part: GG Self-Energy e Hard Part: Relativ. Kin. Theory
— eff. HTL resummed propagator — bare propagator
dl'& Im>(E + i€, p) dFG
E——=| = —fr(E) / M[|"O(lp1 — p
d3p soft (27T)3 IP1—P3[<A hard 21_[1 | | ‘ 1 3| )
A
— Asoft + Bln [ ] — Ahard -+ Bln Z
9T A
. VAN J
(. Thermal Production Rate: * complete to LO in g , = finite |, * indep. of A A
dl's dl'z dl' 5 1
) TG =k 3G + E TG — Asoft + Ahard + Bln [_]
4P Lo in g P lsore 4P lnara g
\. /

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

Supersymmetric Dark Matter in Cosmology and at Colliders

30



Gravitino Dark Matter from Thermal Production

O Boltzmann Equation

O Collision Term

3 2
3¢(3)T° M: 5 k;
6 =2 topmz, \ 1 amz o,

1=

O Gravitino Density

3 2
M: k;
Qngﬂ — g wig,? <1+3 L )ln(—)
1=1

2
m-~ ;
G gi

me TR
8 <100 Ge\/) (1010 GeV)

My = 400 GeV
0.02

108 100 o0

0 U(1)y xSU(2)1, xSU(3)e Tr [GoV]
c; = (11,27,72) solid: My 2.3 = my 9
k, = (1.266,1.312,1.271) dashed: 0.5 M1 2 = M3 = mq 9
w; = (0.018,0.044,0.117) dotted: M3 = m; /o

[ ... ; Bolz, Brandenburg, Buchmiiller, '01; Pradler, FDS, ’07]
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T hermal CE Production

10— RN
€27, n% = 010574 2 ]

NIhermal Leptog 14
I /f
L‘; I / ANE
o 10% . B
o F :
o C i
107 4
1[']ﬁ_ll ’ 1 1 1 II;.I-II 1 1 1 IIIIII 1 11 IIIIII 1 11 IIIIII_
{).1 1 10 LOE 1000

mg [GeV]
[Pradler, FDS,’07]

see also [Moroi, Murayama,Yamguchi, '93,
Asala, Hamaguchi, Suzulki, '00, Roszkowski et al., '05,

\ Cerdeno et al., '06, FDS "06, Rychkov, Strumia, "07] y
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Definition of the Reheating Temperature

(" )
. 1010§ L oo e rrr oo rrrr o e
F(/b — S Hpadq(TR) 95 i
— 107 F
Z
TS |: 90 ]1/4 F¢MP % 108 3
R = :
g*(TR)sz S 107k Tr= 10° GeV
Iy
dprad :
drta +4Hprad = Ty pp, -
’ 1071¢
d—f +3Hpy = —T'ypy, -
10_25
dn 10_35” v
—afz-F3I{n5::(f5, :
3 ) 10~
3¢(3)T° M; (k,-) ;
Cg= 1+ g1 , [
G~ ZI6N3M2< 3m25)cg "% 105 b
- 109 107 108 10° 101°
a/ay
[...; Kawasaki, Kohri, Moroi, ’05; Pradler, FDS, ’07]

. J
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints experiments
% g, g WIMP «— cold indirect detection (EGreT, GLAST, ...)
weak freeze out direct detection (creEssT, 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 ) ¢ NLSP oy i-—
_ [ freeze out
- m/Ts~ 20
* Ilghter stop 781 o Hml‘o o ““1‘00 o “‘1‘600
\ x!=m/T (time -) y
e Jightest sneutrino
___ & y
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LSP Dark Matter: Production, Constraints, Experiments

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

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

NLSP — LSP + SM| |
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 s \
Yy e lighter stau )| 6; NLSP sy i\-—
charged _ [ freeze out
- m/T¢~ 20
* Ilghter stop 781 o ““1‘0 o “‘1‘00 o “1‘600
\ x!=m/T (time -) y
e lightest sneutrino
o8 y
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tan3 = 10, Ag = 0, u>0

: éu/tralmo NJ.SrI=r '

2000 ¢

1000 |

500 |

O 2007 E
g = =1 é
100F ~ pa ]
[ 2 % ]
50 | , : 7]
i // § :
/ S 9 ol a
20 t 1 = S S =
': PR X
* S : : :
10 b f . .: l|l :1 . 11‘ . . e 5.‘
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~ ™ ~ N
Thermal G Production 7 NLSP =& 4+ 7
101
i ae |
-
L
o WL !
Z F :
2 : i
107 .
-J_['wl_‘i | I / : I - ' - .I ; _I r. k I : : rl . =
T L1 I T R Lo L i1 11] 2() 1) L) 200) 00 1000
(1.1 1 14) LEIE) 100
ma [GeV] ma [GEV]
[Pradler, FDS,07] [FDS "06]
see also [Moroi, Murayama, Yamguchi, "93, see also [Borgani, Masiero, Yamguchi, '96,
Asala, Hamaguchi, Suzuki, '00, Roszkowslki et al., '05, Asalca, Hamaguchi, Suzuki, '00, Ellis et al., '04,
A Cerdeno et al., '06, FDS "06, Rychkov, Strumia, “07] RN Feng, Su, Talkkayama, '04] 4
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints  experiments
X5 g, g’ WIMP — cold indirect detection (serET, cLasT, ...
weak freeze out direct detection (crEs=sT, EDELWEISE, ...
Mg ~o 100 GV prod.Qcolliders (Tevatren, LHC, ILC, ...}
— 73 { B
G (MLPI) therm. prod. « cold

NLSP decays + warm

.
e — Ny
(—

is possible! !5

extremely weak

Mp; = 2.44 x 1018 qev

I [
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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 (creEssT, 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?
g /
BBN
CMB
Y rays
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Signatures of Gravitinos in Experiments

— Direct Detection of G

— Direct Production of G
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FNLSP — G + 7

long-lived NLSP |<€——

g 1 20 500 100 200 KW 1000

my |GeV|
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Gravitino DM @ LHC €<—— Stau NLSP

4 )
2009 Tevatron
LHC Part|cle detector stau D@ Run " Preliminary
: L =390 pb”
proton proton

T T lIlllll

— 95% CL Cross Section Limit

stau NLO Cross Section Prediction

—
-
-
o
—
=
—
—
—

The signal:
jets + leptons

+ 2 “stable”
charged particles

T T T TIT]
LEP Excluded

T lll]l

L]
IIII]Illllllllllllllllll\ll

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 A stau ILC —\t — gravitino
au

proton proton electron \ / \ positron
\/ stau
additional Shoton
stau detector

material gravitino

... ; Buchmiiller et al., ’04; Hamaguchi et al., ’04; Feng, Smith, '05; Martyn, ’06; ...]
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For prospects
on stopping and analyzes of staus

at the LHC

!

[Hamaguchi, Nojiri, de Roeck, '07]
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[Buchmiiller, Hamaguchi, Ratz, Yanagida, ’04]

G LSP — Planck Scale Mp; & Gravitino Mass mg

s . .. )
N supergravit Gravitino
O Assumption: 7 NLSP PETS )’\
Stau — —
e 2-Body Decay 7r — 7+ G _ Tau )
_ 5 m% *
I'(7 G) = = ——
= 76) = ez, \\ 2
4 N )
e Planck Scale Mp; — NLSP Lifetime 7 =~ 1/I'(Tp — 7G)

) m2 4 1
= Mz G e 18 2

— |1 - — — = (2.44 x 10°° GeV

% A8 m2 ( m%) 87TGN ( ev)
\. ¢ J
4 )

e Gravitino Mass mz = \/ m2 +m2 —2mzE; «— Kinematics

. J

Frank D. Steffen (Max-Planck-Institute of Physics, Munich)
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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 (creEssT, EDELWEISS, ...)
My ~ 100 GeV prod.@Qcolliders (Tevatron, LHC, ILC, ...)
~ n _ . 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

% g, g WIMP «— cold indirect detection (eGreT, GLAST, ...)
weak freeze out direct detection (cressT, EDELWEISS, ...)
My ~ 100 GeV prod.@Qcolliders (Tevatron, LHC, ILC, ...)
- n = , D
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?
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FNLSP — G + 7

long-lived NLSP |<€——

g 1 20 500 100 200 KW 1000

my |GeV|
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1 2 3 4 5

Big-Bang Nucleosynthesis

Baryon density Qgh?
0.005 0.01 0.02 0.03

T T T | I/// T —
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] e
1 N\
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1 .
1

SRR TN R &
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&\

E\ 3He/H|p

|
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Baryon-to-photon ratio 1 X 10710

[Particle Data Book 2006]
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" Big-Bang Nucleosynthesis | SBBN

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

TR I ST AT R TR I;/% o S R

= 4-e

N

Mass Fraction
E

—~ D/H];

1074 |

Z\I
SRCMB
SO
|
5T—-
m&
(¢

E\ 3He/H|p

1075 -

|
n
]

——

R

i L/
~ .~ [Burles etal,’99]
= 10"K (8‘.6Me‘V)‘ 10°K fO‘.8‘6MeV)‘ 1091‘<‘(‘é6‘1<év‘) 0K (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
. —
[Particle Data Book 2006] T Li

[V. Mukhanov, '04] )

"LiH],
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Big-Bang Nucleosynthesis

Baryon density Qgh?
0.005 0.01 0.02 0.03
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Frank D. Steffen (Max-Planck-Institute of Physics, Munich) Supersymmetric Dark Matter in Cosmology and at Colliders 50



Big-Bang Nucleosynthesis

Baryon density Qgh?
0.005 0.01 0.02 0.03

T T T | I/// T —
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Baryon-to-photon ratio 1 X 10710

[Particle Data Book 2006]
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Big-Bang Nucleosynthesis

Baryon density Qgh?
0.005 0.01 0.02

Upper Limits on Hadronic and Electromagnetic Energy Release

0.27 .

4He

<
'
i
i
i
5
1
1
13
\
v
L

BT

e

[\

(9]
|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

D/H],,

10—4

- 3He/Hlp .

10~5

10—9

L/t

105
10 10 100 100 10° 10 10 10"

7 8 910 TNLSP [s]

1 2 3 4 5
Baryon-to-photon ratio 1 X 10710

[Particle Data Book 2006] [Kawasaki, Kohri, Moroi, ’05; Cyburt et al., 03]
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[FDS, ’06]
The 4-Body Decay of the Stau NLSP into Hadrons

Hadronic Energy Spectrum

- | L L B L L B B L B B BRE
'% S (G LSP, 7r NLSP) E - .
o 0lg E
’I‘g E E e v/Z ! e i 7/Z ’
001 = R - ™R
Ol E E B q q
- EU' N ]
3
L"@ 10°F G G
lF - EE N
L| i - N S -
5| 10 , .
( -
ag 10_5'2_ (mg, ms#) . T q T q
e E —— (1GeV, 1 TeV) N T v/Z A <
+ 6L === (1GeV,02TeV) . 4
e 10°F . (100 GeV, 0.2 TeV) N
‘E‘) o (100 GeV, 0.1 TeV) Voo & &
10_7E| TR N U U ST NI N |‘| P T
0 20 40 60 80 100 120

Magg [GEV]
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[FDS, '06]
Cosmological Constraints — 2pn & BBN

Pl

4 ™
disfavored

by
cosmological
constraints

Severe
BBN bounds _

510 20 50 100 200 300 1000
mg [GeV]
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[FDS, '06]
Cosmological Constraints — 2pn & BBN

Pl

4 ™
disfavored

by
cosmological
constraints

Severe
BBN bounds |

5 10 20 50 100 200 500 1000 PICture untll
Mg [GeV] May 2006 ...
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Catalyzed BBN [Pospelov, '06]

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 9Be: [Pospelov, '07; Pospelov, Pradler, FDS, "08]

54
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Standard BBN

4 )
Catalyzed BBN
1 Tx = 10%s, YJ°° = 3.5 x 10~
He|free
10~2} 7
w04, N .
D
10—6_
e
g
S
S 1078f
10—10 L
10—12_
-4 | o—— /L S Saha approx. |
1 Ly
100 10 1
T [keV]
\_ J
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[Pradler, FDS, arXiv:0710.2213]

Catalyzed Big Bang Nucleosynthesis (CBBN)
(*HeX )+ D — °Li+ X~

(dY; N
d]t_D)S = <O'r’U>SY5 — FX— YBS — <O-CU>SYBSYD7 10—11E | _ | .
dY x— [
d;( = —(owv)sYs — I'x-Yx— + (ocv)sYpsYp, 10712 10-7
d Yy, : L
7 — —<O'r’U>SY5 + FX— YVBS7 1019
d Yer;
dZL = (ocv)sYpsYp,
d Y
d—tD — —<0'0U>SY33YD.
(Gav) = 2.37 x 108 (1 — 0.34Tp) Ty 2/ 3653375
[Hamaguchi et al.,’07]
(0,0) 9w Z2/2m Ey
opV) = :
3et mgz M T i

Ys = (Yx- Y — YBsY,)
\Eb = 337.33 keV Ny = Ny (B> Ey)
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[Pospelov, Pradler, FDS, '08]
Catalyzed BBN of Lithium-6 and Beryllium-9

4 )
10~° I . ; ; - 1 A I B B B 10710
6 [ o ydee =5 x 107 6L,i/H = 1011 = 10-10 ]
il rx- =5x10%s 107" L9]/31:/H1:02.1 ST (U
1077 ¢ E ]
108 ;_\ / —é 10_2 §_ —§10_12
3 o 10—3;— —;10_13 J
- D e ] g,
S\ 61 _ P 104 _510714 -cs:N
; \ \ \\\ 3 10_5 ;_ _;10715
[ "Be g : :
1014?_/ \ \ _ 1070 ¢ Eloilﬁ
10_15E [ . . . . - 10~7 vl il il il .....-10—17
0.1 0.02 102 10+ 105 10® 107 108 10°
Tg TX— [S] j
g
4 4 — o1 : — y A
. ("*HeX )4+D — "Li+ X [Pospelov, ’06; ...] |
(4 4 — 8 — , A
He + (*HeX ) = (*BeX" ) +~v  [Pospeloy,’07] &
®BeX )4+n —"Be+ X . [Pospelov, Pradler, FDS, '08]
g J
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[Pospelov, Pradler, FDS, "08]
Current Status of (C)BBN Constaints

s
2 L
1 L
3 N
o5 disfavored
Eel
0.3 by _
cosmological
0.2 »
constraints
_ e e o g
0 x'.»//f’f‘""’ A "
[]:1 - 1 - mmlU - ””iI[]U - ..-1..[.}{][}
mg [GeV]

see also [FDS, hep-ph/061 1027]
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Why are the

cosmological
constraints

sOo important!?




Gravitino DM @ LHC €—— S5tau NLSP

- ~N YN

2009 i
LHC particle detector stau

SCVCTcC

1l B BEBN bounds |
The signal: 5 10 20 &0 100 200 500 1000
. mz [GeV]
jets + leptons @ _
Cosmological Constraints
+ 7 “stable” [FDS, 06, FDS, hep-ph/06 | 1027]
. [Pradler, FDS, arXiv:07 10.4548]
charged particles | [Pospeloy, Prader; FDS, arXiv:0807.4287]

Very different from the large ET™* signal of Neutralino DM
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The gravitino
can become a

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

Upper Limits on the Reheating Temperature

-
Neutralino LSP

Late Decaying Gravitinos
from Thermal Production

Ci(IR)
s(IR) H(IR)

MZ( R))
3ImZ

&

”TEP (Tow) N

S(Tinw)

= Zmz (TR)(l +

=1

V2" (Fow)

[Pradler, FDS, '07]

< In kﬁ jﬁﬁ
2, (Tr) / \ 1019 GeV /’

_'\

v,

rrU nstable Gravitint;’

o I TTETI | [ TYT I| I T7T0T1 II| | _I
g ) )]
i I It . 3
| To Ry

10%
—_ Yol 3
2 ;
a8 | |
o 10 =
E:l: 107 B {Hig Yp(FO} _;
2 3
He/D D/H {Low) .
10° 6L /H E
Case | 7
1{]5 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| [ 1

102 109 104 103
Mg [GeV]
BBN constraints
+ (Jpm constraint
for neutralino DM

L [Kohri, Moroi, Yotsuyanagi, OS]J

Thermal Leptogenesis requires T >10° GeV
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Upper Limits on the Reheating Temperature

m GeV]
(Opm constraint
for gravitino DM
[Pradler, FDS, *07]

LLLE ey
+ BBN constraints
mz

Lf
10 C}eﬁfz
[Pradler, FDS, arXiv:0710.22 1 3]
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i Stable Gravitino i
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Thermal Leptogenesis requires T >10° GeV
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[FDS, ’08]
Probing Tr at Colliders and with BBN

¢ =mg /my,

{ €= Collider Prediction of
A Thermal Leptogenesis
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Dark Matter

AXxino LSP
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Supersymmetric Dark Matter Candiates

LSP 1D 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
g J
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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

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



Thermal a Production + NLSP — a + 7
[ TTTTTI T TTTTIT T TTTIT T IIIIIII| T IIIIIII| T IIIIIIL 5 B
mgg— fofN = 10" GeV 3
o'k . 2|
o QUM — 01131801 ] > 1
= 10E 5 ﬁ -
[nh] - =
S ] —
B a5l _ e 0.2
10 E cxeluded E E
s| ]
oE | 0.2
L Lot i WALl i cold i
1[]4;_' IIIIIIII 1 IIIIIIII 11 IIIIII| | IIIIIII| | IIIIIII| | Ilhri.i.l"l' U-l - L 'I - . - . L Ly L X X L Ly T
107 107" 107 5 10 20 50 100 200 500 1000
ma [GeV] my [GeV
s [GeV]
[Brandenburg, FDS, ‘04] identical to the
see also [Covi et al.,’0l] gravitino case
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LSP Dark Matter: Production, Constraints, Experiments

LSP  interaction production constraints experiments
% 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 (Luc, 1Lc, ..))
extremely weak NLSP decays <« warm + T collection
Mp; = 2.44 x 1018 Qev 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: mg, fq
\_ J
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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 /A\ positron

.. tau
additional photon
detector

material axino
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Can one distinguish between

g LSP and G LSP

experimentally?

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



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

Can one distinguish between the @/G LSP Scenarios?

e Lifetime of the NLSP «— Assumption: 7 = NLSP & Y' = B
4 ) 4 N )
a = LSP G = LSP
TgLSP N m%mgamaafa T;CN;LSP — Mz, Mg, Mg
0(0.01 sec) < 72LSP < O(10 h) O(1078 sec) < TELSP < O(15 y)
T T T )

fa ~ 107 GeV fa ~ 10** GeV mg ~ 1 keV mg ~ 50 GeV

\_ J \_ /

Very Short/Very Long Lived NLSP — G LSP Scenario
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20? particle detector
ILC axino/gravitino

e stau

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: Tp—T+y+a G=LSP: 7r—>74+~v+G
B B
a G G
———E—— v ———z———-z];/\/\/\,f\/\,’y ———TE—— v ———z———lej/\//\/\,f\/\,v
a a G G
d’T'(Tr — T @) PT(7r — 77G)
drv,dcos dr.,dcos
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a LSP — The Differential Decay Rate for 7T, — 7+ v+ a

dQF(?R — 7"721//) m= ;U,Y(]_ _ Aa . 331/> N .
p— M |
dx~ dcos 51273 [1 — (x,/2)(1 — cos 6)]? S;J (TR — Tva)l
where
3 2 2
T a)I? a” Ciyy m3 a
S;S |M(TR — T’YCL)’ — T cos* Oy fg chif%(xy,cosﬁ,Aa,Aé) 7
with 2
2F _ m? m2
CC’yEm:, Aa:m—%’ AEZ—%,
and

2 \
(@) A A- :zc,y(l—Aa—ac,y)[l—l—cos9—|—Aa(1—6089)][1—|—cosQ—I—Aé(l—cos&
Fdlff(il?%COSH, as B) {Cny(l—FCOSH)—'—QAa_AE[Q—xfy(l_COSH)]}Q
o VAsAz(1+ 0)(1— Az —
N 3a {10g<‘f ) {x ( 5( cos 0)( T~ )
v

7 cos? Ow m 1+ cosf)+24; — Az[2 — 2, (1 — cosO)]

m

Az [(14cosf)(1 — Az) + Azxy(1 — cos0)]
z~(1 4 cosl) + 245 — Az[2 — x4 (1 — cos b))

n 902 €2 log? Ja A, 14 cosf + Az (1 — cosB) n 2(1 —|—2(:os 0)(1— Az)
472 cos* Ow m (1 —=cosf)(1— Az — x~) 22 (1 — cos0)
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GG LSP — Diff. Decay Rate 7 — 7+7+G

2 ~
d?r(Fg — 77 &) ms zy(l - Az — zy) - 2
= < S Y IMGER — T &)I7
dx~dcos @ 51273 [1 — (x~/2)(1 — cos0)] spins
2 ~
8T m#%
~ =12 G
where Z IM(FR — 7~ Q)| =T ﬁ Fc(lif{_?(a:,y,cosﬂ,A~,Aé)
spins Pl G 2 2
. 2E m?2 me me
with Ty = R A = a2 | A~ =_B A~ =G
mz ¢ m% B m% ¢ m%
~ 2(2 — 5cos0)A ~ z~ (1 + cos6)
(@) - 2 G 2]
Fdiff(w’y,COSG,A’V,AB)——3AC~:—71:7A@+ -

1 — cosé (1 — cos6)

_ (L4cos0)(3+cosh) 201 = Az)3(1 + cos0) L Aat - Ag)?

(1 — cos 6)2 a:,zy(l—cose) 1—Aé—m»y
(1—AC~;)2(1+COSQ) B 4[1+COSG+AG,(1—COSG)]2
(l—Aé—x»y)(l—cose) [Q—mfy(l—cose)}2(1—cos9)2
+2{3+C059[4—0059+2Aé(1—Cos@)]}[1+C059+Aé(1—cose)]
[2 — 24 (1 — cos 8)] (1 — cos 6)2
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—|—2(1—Aé—m.y){ R G il il G gl
wfy(l—AB—)(l—Aé—zfy)
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Q{A% [—3 — 6z~ +AB(2+w»y)] +4A5 A5ty — w%)}

zy (1 — AB’) [a:py(l + cos 60) +2(Aé — AB’) —|—ABga:py(1 — cose)]

242 [(1 — 2y)(1 + 245 + 24) + oy Ag] }
2y (1= Apg) [ww(l +cos0) +2(A5 — Ag) + Agay(1 - cose)]

(—1+4345)(1 - Ag) . 2[2—337 —2(Ag —AB)]

+(1 - As - xfy){

(1-Ag) 2 — 2~ (1 — cos 0)
L4 -Ag ) 2(Aé—AB)[3A5(2—2Aé—w7)+AB(2—2AB—|—m7)]
[2 — @ (1 — cos 6)]2 (1—AB)[m7(1+COSQ)+2(Aé—AB)+ABm»Y(1—COSG)]
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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 0.6 0-8 l

axino sighature

Differential Distribution of the Visible Decay Products
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For prospects of this distinction

between axino LSP and gravitino LSP

at the LHC

!

[Hamaguchi, Nojiri, de Roeck,’07]
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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

~

O Assumption: 7 NLSP & X' ~ B

e 2-Body Decay 7r — 7+a

(TR —7a) ~ &% (25 sec) 1 C2yy (1—
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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

~

O Assumption: 7 NLSP & X' ~ B

e 2-Body Decay 7r — 7+a

['(TrR —7a) ~ &% (25 sec) 1 C~ (1

[o Axino Mass mg = \/ m2 +m?2 —2mzE; «— Kinematics J
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|[Brandenburg, Covi, Hamaguchi, Roszkowski, FDS, ’05]

a LSP — Peccei—Quinn Scale f,

& Axino Mass m;
~

hadronic (KSVZ) axion model A

O Assumption: 7 NLSP & Y° ~ B

ny”
e 2-Body Decay 7r — 7+a

(TR —7a) ~ &% (25 sec) 1 C2yy (1——

4 )
e Peccei—Quinn Scale f, — NLSP Lifetime 7 =~ 1/I'(Tp — 7a)
f2 ~ ( ) 5 _ m_% ( mz ) ( mB )2 (1011 Gev)2
C © 7 \25 sec Y m2 ) \100 GeV/ \100 GeV )
4 )
e Axino Mass m; = \/ m2 +m?2 —2mzE; «— Kinematics
. J
Frank D. Steffen (Max-Planck-Institute of Physics, Munich)
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[Raffelt, '06]
Bounds on the Peccei-Quinn Scale

Bounds from Axion Searches

A . .
HeV a8 Cosmological Axion Bounds
o S|
< Astrophysical Axion Bounds
v
meV
4 )
~~~~~~~~~~~~~~~~ - Is the value of
5 the Peccei-Quinn scale
o B T2 inferred from axino
S 5 2 searches consistent
L E s m with astrophysical axion
18| 2 |3 bounds and results from
“IIE 2| axion searches?
2 7|8 & ° - J
21818 & «
4] W] [O] (0] =
ma -
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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 + 7T 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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Can one get rid

of the Gravitino

problem?
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[Buchmuller, Hamaguchi, Ibe, Yanagida, '07; Pradler, FDS,’07]
Late-Time Entropy Production

mg = mg, tan 3 =30, Ao =0, u >0
1010;‘”"' LAY | ALK L | L2ELR I SR T | bR D LT |'§ 2000_ ' I ‘ E— ' ' I/;_
i — Taster = 6 MeV 1 Qg?“hz = 01051‘3833 g
3 px,1=0.1praq, E | Tgr = 10'® GeV |
i szr 100 " P 1 1000 i " ‘ /:
108L - Topter = 4.9 MeV u [ ~ Y4
= : P:(f,tl = 8prad, 1 E 500 G not LSP / 1
> A = 104 -' ] . /
S : 3 -1
> O 200 8 =210
.g 106 g =] i 1 //
% E 100 __ ’/,’ 2 / ol
E 50 i :
U B B w
10% 8
: =
20t 5
=8 —
ar = a(10 GeV) =1 GeV ™! a®px : 1ok |
102 bl e L s L 100 200 500 1000 2000 5000
10 1 0.1 0.01 0.001 4 3 [GeV]
T [GeV] /
dprad 1
— TP TP
ddt +A4Hpraa = Iy g Y& (To) = ZYG (Tiow),
o+ 3He==Typy, Ynrsp(To) = — Yrsp(Ti
dt NLsp(Tp) = A NLSP (Tiow)
dS TIxpxa® (2712 )1/3 1) 1
— = — Ixpxa*s™1/
dt T 45 & XPX N (Tafter) = Zn(Tbefore)~
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Thermal Relic Stau Abundance

fl(*) fl(*) — Final state s-channel t (u)-channel Contact
rT (1) - 704 -

T1T] — Final state X2 s-channel t (u)-channel Contact
Wil, eé hO, HO vy, Z - -
TT W, HY,y,Z S -
VeVe, ViV VA o -
vz Vg Z )~(1:|:2 -
qkqk W, HO Y 7 _ _
YV, vZ - 7] v
zZZ hY, HO 2 v
wtw— hY, HO, y, Z Dy v
yh?,y HO - 7 _
zh0, zHO Z 72 -
zAY hY, HO 7, -
WFH* h0, HO Dr -
hORY, OO, HOHO h0, HO 72 v
A%40 hY, HO % v
h0A0 HOAO Z T -
HYH™ hO, HO vy, Z Dr v

@ k=u,d,c,s,t,b.
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[Pradler, FDS, arXiv:0808.2462]

The Effect of Stau-L-R Mixing

10712; """"" RARRRAARL RARARARRL RAARRRAR RAARRARRL ARRRRRRE RARRAARE RARARRAR
10—13:— —
: mz, =130 GeV

. 1
P 107 E
10—15;— —
E:::::::::|:::::::::}:::::::::|:::::::::|:::::::::|:::::::::}:::::::::I::::::::::
1F (O'dlspv)/(UtotU) —

(oiv) /(Ttotv)

T L : cos 6;
- | =Rz | - h R: = )
(72) t (‘L’R) with Rz (—sm&;

2 2
m<+m

mrXt* + m% 0
me Xz m= +mRR 0 m=

1
mi, = m%L + (—5 + sin? GW)M% cos 28,
mI%R = m%R — sin® GWM% cos2p,

X: =A; — utan B.

1
m%m =m? + mjg + 3 [5 == \/52 + 4m%X,2]

tanf =10, m 0 = Mg = M3 =—A=1TeV, and 6M| = My =pp=1TeV
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tanB =50, my0 =pn=Mg=06M; =My3=—-—A=1TeV

r N
Enhanced Stau-
Higgs Coupling
10~ 12 g RAARAARRL RAARAARRL RAARAARRL RAARAARRL RAARAARRL ALARAARAL ALARAARAL ALARAARAL 3
1013 é_ m%l — 130 GGV __
N 101 | y
10712 — —
ok (Gt (G102} 3
& 0.6 - ]
s v
S o4t 1
0 E ......... [ | [ AT AN N T . e P S K u A RN ENET)
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[Ratz et al., arXiv:0808.0829;

Pradler, FDS, arXiv:0808.2462]
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0z =83° tanB =40,and —A = u =4M; =M2,3 =Mg=1TeV

4 )
Resonant Stau
Annihilation
10712 R T T
10—13 ;
S5 10-14
1071
1 _ myo = 350 GeV | mz = 200GeV 3
- bh —— 97’: = 83°
- T7r —
0s F TT ——-
Tr Y e
hORY
CE
& 06
< b e
S gaf
0.2 f
N e e
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mMyo
[Pradler, FDS, arXiv:0808.2462]
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Lussm > —— Y #iClE, T, HITsH

W 2. B=LR

(<5453 MEsung + s (A + s

C[7*, 7, h°] = ,

% (Ar i_; + Mg—;) _S‘Z)VM%SO{—I—,B —+ m% i—;
é[f* - AO]:( 0 —I-i%(ATtan,B-l-,u))
o —i % (Agtan B + w) 0 |
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[Pradler, FDS, arXiv:0808.2462]
Exceptionally Small Thermal Relic Stau Abundances

tan3 =43, Ag =0, u <0 tan 8 = 55, Ag = 2mg, 4 > 0
2000 [ T s ' = I PV A S—
f 2000 - __ca 4x 10713 +
1000 | | . B = il
1000 |
- 4x1071 g
500 = ] 500 s 1
%
g 200 - 200 il
o
g 100 - 100 | 7
50 - 50 | ]
20 - 20 -
10 1 ] L ; L B i ; 2 10 & , ; P ; ; I]
300 1000 3000 400 1000 2000 4000
m1/2 [GeV] m1/2 [GEV]
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Exceptionally Interesting Benchmark Scenarios

Point A B C

mi 2 [ GeV] 456 600 1138

mo [ GeV] 124 748 30

tan 8 43 55 55

ms, [ GeV] s

6; 114 80 75

m 0 [ GeV] 114.6 115 117.9

M 40 40 [ GeV] 265 390 799

I'y0 [ GeV] 9.6 22 41

w [ GeV] —565 666 1262

Ag [ GeV] —63 473 —164

mg [ GeV] 1052 1375 2446

my, [ GeV] 740 1091 1757

bb [%] 76 87 <1

hOp0 [%] 10 <1 90

T [%] 9 11 <1

1144 [%)] 2 <1 6

Xf )

Y: [10~15] @

mg, [ GeV] 100 100 100
(50) (50) (50)

7, [s] 5.7 x 107 6.5 x 107 8.5 x 10°
(7.5 x 107) (6.4 x 109) (8.7 x 107)

NS [1074] 0.7 0.64

Tax [ GeV]

(0.35 (0.32
arr S o
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There could be
4 )

® gravitino DM

® no gravitino problem

® CBBN explanation of Li-6

® promising prospects for SUSY

and Higgs phenomenology at
the LHC and the ILC

\_ J

To be continued ...
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