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Evidence for Dark Matter in the Universe
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Evidence for Dark Matter in the Universe
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What is
the identity of
Dark Matter?
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Properties of Dark Matter

e 7oy < age of our Universe
e clusters « gravitation
o slow — “cold”

e clectrically neutral

e color neutral
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Dark Matter

l

Physics beyond
the Standard Model




The Minimal Supersymmetric Standard Model
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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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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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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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T hermal Gravitino Production

LSP  interaction production constraints

Very Hot Early Universe A

¥

G (%)n (therm. prod. <« cold )

extremely weak NLSP decays « warm

Mp) = 2.44 x 1018 GeV

b (és ~C

gauge-invariant treatment
(hard thermal loop resummation)

SUSY QCD
[Bolz, Brandenburg, Buchmuller,’01]

+ electroweak contributions

L [Pradler, FDS,’06 & ’'07]
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Gravitino Dark Matter from Thermal Production

O Boltzmann Equation

O Collision Term

. 3¢(3)T6
=3 (3)

G 2
£~ 16m3M3,
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1+ 3m12 C; g,? In
G
M?2
ey In (
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(50 o) (g
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O Gravitino Density

3
Qgpfﬂ = Zwi g,L-2 <1+
=1

O U(1)y xSU(2),xSU(3)c

c; = (11,27,72)
ki, = (1.266,1.312,1.271)
w; = (0.018,0.044,0.117)
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Thermal G Production
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see also [Moroi, Murayama, Yamguchi, ’93,

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

Probing Tr at Colliders in Gravitino DM Scenarios
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[Pradler, FDS, '06]

Probing Tr at Colliders in Gravitino DM Scenarios
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Non-Thermal Gravitino/Axino Production

: : : . ( T .
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Non-Thermal Gravitino/Axino Production
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Non-Thermal Gravitino/Axino Production

. . . . ( i )
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Non-Thermal Gravitino/Axino Production

a2 ‘ ‘ ‘ ‘ ‘ ‘ )
LSP interaction production constraints 3| 1. ’

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

Mp] = 2.44 x 1018 Gev
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tan3 = 10, Ag = 0, u>0
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4 N\ )
mMSUGRA / CMSSM [Pradler, FDS, arXiv:0710.4548]
FARE LR CMSSM Scan
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[Josef Pradler, FDS, hep-ph/0612291]

TP + NTP of Gravitino DM within the CMSSM
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mSUGRA / CMSSM
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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 4
G ( L > therm. prod. «+ cold

Mp;

extremely weak NLSP decays «— warm

Mp] = 2.44 x 1018 GeV o

\
J
Tr [GeV]

is possible!!! |
\ ) 1085 7 | 5 10 20 50 100 200 500 1000

1 1 I}
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FNLSP — G + T

long-lived NLSP | €—
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Gravitino DM @ LHC €<—— Stau NLSP

4 )
2009
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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Gravitino DM @ LHC €<—— Stau NLSP

4 )
2009

LHC article detector stau

Tevatron

DY Run Il Preliminary

\\_\\ L = 390 pb”

95% CL Cross Section Limit

proton proton

NLO Cross Section Prediction

LEP Excluded

IIIIII T IIIIIIII T IIIlIIII T IIIIIIII T TTIT

1 I 1 1 1 I I 1 | | 1 I 1 | 1 1 l 1 1 1 5 ; ot 4 1
100 150 200 250 300

Stau Mass (GeV)

[from Gershtein’s Talk, SUSY2007]

stau

A
o

The signal:
jets + leptons

+ 2 “stable”
charged particles

Very different from the large ET™'ss signal of Neutralino DM
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FNLSP — G + T

long-lived NLSP | €—
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Big-Bang Nucleosynthesis
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Big-Bang Nucleosynthesis
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[FDS, '06]
Cosmological Constraints — Qpn & BBN
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[FDS, '06]
Cosmological Constraints — Qpn & BBN

5
N
disfavored
by
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J

severe
BBN bounds |
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mg [GeV] May 2006 ...
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Catalyzed BBN [Pospelov, '06]

@Ih He g
Q\ ﬂ@
M
DQ stau®|0h

Standard
Model
particles

gravitino

Recent Result: [Hamaguchi et al.,'07]

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

Pradler, FDS, arXiv:0710.2213 & arXiv:0710.4548]
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[FDS, hep-ph/0611027]

Cosmological Constraints — Qpn & BBN

51t

4 )
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cosmological
severe constraints
BBN bounds & Y,

5 10 20 50 100 200 500 1000
mg [GeV]

Frank D. Steffen (Max-Planck-Institute of Physics, Munich) Gravitino Dark Matter and Collider Implications



Gravitino DM @ LHC €<—— Stau NLSP

4 N - - )
2009 5] |

LHC article detector stau

proton proton

stau

severe

11 ‘ BBN bounds |
The signal: 5 10 20 50 100 200 500 1000
. mg [GeV]
jets + leptons . .
Cosmological Constraints
+ 2 “stable” [Steffen, '06, Steffen, hep-ph/06 1 1027]
Chal’ged particles [Pradler, Steffen, arXiv:0710.4548]
. y

Very different from the large ET™'ss signal of Neutralino DM
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[Josef Pradler, FDS, hep-ph/0612291]

with G Dark Matter

mg = mg, tan3 = 10, Ag =0, u > 0

Upper Bounds on T in the
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[Josef Pradler, FDS, hep-ph/0612291]

Upper Bounds on T’z in the CMSSM with G Dark Matter

.

Implications for
inflation
and
the origin of the

baryon asymmetry
J
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Tr < 107 GeV

Thermal Leptogenesis requires T >10° GeV
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[Josef Pradler, FDS, hep-ph/0612291]

Upper Bounds on T’z in the CMSSM with G Dark Matter

mg = mg, tan8 =10, Ag =0, u > 0

.

Implications for
inflation
and
the origin of the
baryon asymmetry |

Thermal Leptogenesis requires T >10° GeV
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[Pradler, FDS, arXiv:0710.4548]

Gravitino DM with a GeV scale mass
(as obtained in gravity med. SUSY breaking)
could be very difficult to probe at the LHC
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[Pradler, FDS, arXiv:0710.4548]

Gravitino DM with a GeV scale mass
(as obtained in gravity med. SUSY breaking)
could be very difficult to probe at the LHC

mg = mo, tan 8 = 10, Ag = 0, p > 0 Mg =10GeV, tan§ = 30, 4o =0, M>0
' : 2000 L ‘Qh 0105+ 2]

Gravitino DM with a mass < | GeV

2000 ¢

(as obtained in gauge mediated SUSY breaking)

could still be accessible at the LHC )

.
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“Stable” Charged Massive Particle @ LHC

Long-Lived Stau NLSP
[from P. Zalewski’s Talk, SUSY 2007]
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“Stable” Charged Massive Particle @ LHC

The smoking gun for
Gravitino (or Axino) Dark Matter

at the LHC
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Late-Time Entropy Production [Pradler, FDS, 07]
4 )

Rescuing Thermal Leptogenesis
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