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Properties of Dark Matter
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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

Zz’ my, 5 0(1 eV)

Neutrino Dark Matter = Hot Dark Matter

in conflict with Large Scale Structure
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Supersymmetry
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Why Supersymmetry?

Extension of Space-Time Symmetry
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Dark Matter

Gauge Coupling Unification at Mgyr ~ 2 X 10'° GeV
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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!!!
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Supersymmetric Dark Matter Candiates

LSP ID spin mass interaction
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Standard Thermal History of the Universe
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vV LSP Dark Matter: Production, Constraints

LSP interaction production constraints
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LSP Dark Matter: Production, Constraints

LSP interaction production constraints

2 _ dec 2
% g, g WIMP  « cold {00 h™ = mse Y3¢" 5(To) h*/ pe
weak freeze out , .t:‘H.I@.,:,lO’ A.O,: 9, > 0\
2000 | ' '
1000 |
500 |

U 2007 L E
( 0 = Qpyy is possible!!!) g = =)
1 100F J
i ’ :
50 f /,’ -
/ @}
/ ) § G 3l o
20 ; SRR T .
I 2 : 10 ™~
10_I II . |: .|.:...|‘ : . :. .‘. ]
100 200 500 1000 2000 5000

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



X} LSP Dark Matter: Production, Constraints

LSP interaction production constraints
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Xi LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
0 ("
X1 g, g’ WIMP «— cold
Neutralino
weak freeze out
energetische
kosmische
Strahlung
4 . . )
ch‘l’ = (Qpm 1s possible!!!
\_ J Wirme
4 tan 3 = 10, Ao = 0, 1 > 0 N\ [C] ‘ .
o (i = 0505 0k) | Proton Neutralino Al
1000 ol -
_ oo P 7 Standard-
2 200 v modell-
g oo L | teilchen
o i — ep Proton [e]
o g \
- =
(promlsmg experimental prospects)
\ M 2 [GeV] )

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

Dark Matter, Particle Physics, and the LHC




Xi LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
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X7 LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
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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
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Early SUSY Searches @ ATLAS

Benchmark point SU3:

m,=100GeV, m, ,=300GeV, A,=-300, tanp=6, sign(u)=+ Discovery pgtential with L~1fb2
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[from S.Yamamoto’s Talk, SUSY 2007]
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Controlling Energy Scale and Resolution of Ex™iss ..

Missing ET in MHT30 skim |

£10 = " MET inclides cells with Es0 (ne CH)

[  Badruns were remaves
[] Moisy events were removed
[] Badcellstowers were removed

DO experience:
(V. Shary@CALORO4)

0 a0 100 150 200 250 =00 400
Missing ET, GeV

.. is very difficult !!!
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CMS
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ul
-
o

0
N

| |||IL|j,L| IIIIILUJ_ ||II|I|I| |||ILLUI ||IIIJ,I,I1 |||IIIII| |||I|II|| ||I|IIII| |||II||I| ||||IJJ,1] I||III||| |||IIIII| ||IIIII|| |||IIII|| ||||III|| |||III|I| [

15

10

10 14

mb

13

S
<
N

10

| IIIIIII| | I|IIIII| | II|IIII| | |MII| L L LU

i0 12

11

10

10 10

10

nb 10

10

10 ®

10

10

10

fb 10 ¢

10

i d i
1000 2000 5000
particle mass (GeV)

E:::'| H : i 4
50 100 200 500

Frank D. Steffen (Max Planck Institute for Physics, Munich) Dark Matter, Particle Physics, and the LHC



Xi LSP Dark Matter: Production, Constraints, Experiments

LSP interaction production constraints experiments
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Warning

l

Things might turn out
to be very different ...




Other well-motivated candidates

!

Extremely Weakly Interacting Particles (EWIPs)

g Extensions of the Standard Model )
Peccei-Quinn Symmetry & Supersymmetry
Ax‘<ns \ AXxinos / \G\m;vitinos
f.>10° GeV f.>10° GeV Mp =2.4x10'8 GeV
spin 0 1/2 3/2
mass | <I0meV ) eV-TeV
\ int. oc(p/fa)" o<(p/fa)" oc(p/Mp)" )
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( Thermal Axion )
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AXxion Dark Matter
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AXxion Dark Matter
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AXxion Dark Matter
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[Raffelt, '06]
Bounds on the Peccei-Quinn Scale

Bounds from Axion Searches

A . .
ol IE Cosmological Axion Bounds
Astrophysical Axion Bounds
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Bounds on the Peccei-Quinn Scale

Bounds from Axion Searches
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Extremely Weakly Interacting Particles (EWIPs)

g Extensions of the Standard Model )
Peccei-Quinn Symmetry & Supersymmetry
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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

Thermal a Production
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[Brandenburg, FDS, ‘04]

see also [Covi et al.,’0l]

and [Strumia,’ 0]
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Probing axinos
experimentally 2?

l

If we are lucky ...




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

Stau Decays into Axinos
N [
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2010
LHC particle detector stau

proton proton

stau
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“Stable” Charged Massive Particle @ LHC

Long-Lived Stau NLSP
[from P. Zalewski’s Talk, SUSY 2007]
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Big-Bang Nucleosynthesis

Baryon density Qph?
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[Particle Data Book 2006]
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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]
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[Freitas, FDS, Tajuddin, Wyler, '09]
AXxino LSP Case with a Charged Slepton NLSP
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2010 202? particle detector
LHC article detector A stau ILC ’\tau - axino

A /A\ positron
V) vV
\ / / stau
additional = photon
ctau detector

material axino

Probing f. @ Colliders

[Brandenburg et al.,’05]

proton proton electron
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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

meV

Strong Hint for the
Axino LSP
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[Raffelt,'06]
Bounds on the Peccei-Quinn Scale

Agreement between
Axion & Axino Searches

meV

Strong Hint for the
Axino LSP

Axion DM & Axino DM
might coexist!
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Extremely Weakly Interacting Particles (EWIPs)

g Extensions of the Standard Model )
Peccei-Quinn Symmetry & Supersymmetry
Ax‘fns \ AXxinos / G\m;vitinos
f.>10° GeV f.>10° GeV Mp =2.4x10'8 GeV
spin 0 1/2 3/2
mass | <I0meV ) eV-TeV
\ int. oc(p/fa)" o<(p/fa)" oc(p/Mp)" )
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Extremely Weakly Interacting Particles (EWIPs)

g Extensions of the Standard Model )
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Thermal Gravitino

Production
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Gravitino LSP Case

~ N — ~ ™
Thermal G Production 7 NLSP — G + T
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[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,
Cerdeno et al.,’06, FDS ’06, Rychkov, Strumia, ‘07]) k Feng, Su, Takayama, '04] y

-
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Probing gravitinos
experimentally 2?

l

If we are lucky ...




FNLSP — G + T
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Signatures of Gravitinos in Experiments

— Direct Detection of G

— Direct Production of G

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

2010 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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Gravitino LSP Case with a Charged Slepton NLSP

r

(C)BBN Constaints

[Pospelov, Pradler, FDS, '08]

4 N\
disfavored
by
cosmological
constraints
J
see also

[FDS, hep-ph/061 1027]

\
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sSummary - Well-motivated DM Candidates

candidate identity mass interactions production constraints experiments
<0.01eV  (p/fa)" misalign. mech. < cold direct searches with

(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/
P(Q) symm. break. CMB

Y1 LSP  lightest neutralino DO(100 GeV) g, g, v therm. relic + cold indirect searches
spin 1/2 weak G decay + warm/hot  direct searches
mixture of Myy ~ 100 GeV collider searches
B,W,H H BBN = Mg, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
spin 3/2) extremely weak ~ NLSP decay + warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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sSummary - Well-motivated DM Candidates

candidate identity mass interactions production constraints experiments

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

c1sp|l [FDS, Dark Matter Candidates,
Eur. Phys. J. C59 (2009) 557,
arXiv:0811.3347]

WIMP Mass [GeV/c?

a LSP in

@ Springer

Frank D. Steffen (Max Planck Institute for Physics, Munich) Dark Matter, Particle Physics, and the LHC



sSummary - Well-motivated DM Candidates

candidate identity mass interactions production constraints experiments
<0.01eV  (p/fa)" misalign. mech. < cold direct searches with

(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/
P(Q) symm. break. CMB

Y1 LSP  lightest neutralino DO(100 GeV) g, g, v therm. relic + cold indirect searches
spin 1/2 weak G decay + warm/hot  direct searches
mixture of Myy ~ 100 GeV collider searches
B,W,H H BBN = Mg, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
spin 3/2) extremely weak ~ NLSP decay + warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Scenario | - Axion CDM (+ SUSY DM)

candidate identity mass interactions production constraints experiments ayvants

a axion <0.01eV  (p/fa)" misalign. mech. ¢« cold flirect searches wit!
(spin 0) extremely weak
N.-Goldst. boson fa > 6% 108 Gev
P(Q) symm. break. CMB

Xi LSP  lightest neutralino  O(100 GeV) g, g, v; therm. relic + cold indirect searches
(spin 1/2) weak G decay + warm/hot  direct searches
mixture of Myy ~ 100 GeV collider searches
é, W, ﬁ[ﬁ, ﬁg BBN = My, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
(spin 3/2) extremely weak  NLSP decay  warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Scenario | - Axion CDM (+ SUSY DM)

candidate identity mass interactions production constraints experiments events

a axion <0.01eV  (p/fa)" misalign. mech. ¢« cold flirect searches wit!
(spin 0) extremely weak nicrowave cavities
N.-Goldst. boson fa > 6% 108 Gev < My, fay Jayy
P(Q) symm. break. CMB

Xi LSP  lightest neutralino  O(100 GeV) g, g, v; therm. relic + cold indirect searches
(spin 1/2) weak G decay + warm/hot  direct searches
mixture of My ~ 100 GeV collider searches
é, W, ﬁ[ﬁ, ﬁg BBN = My, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
(spin 3/2) extremely weak  NLSP decay  warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Scenario 2 - WIMP DM (+ Axion DM)

candidate identity mass interactions production constraints experiments

a axion <0.01eV  (p/fa)" misalign. mech. ¢« cold direct searches with
(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/

P(Q) symm. break. CMB
Xi LSP  lightest neutralino  O(100 GeV) g, g, v; therm. relic + cold indirect searches ¢
~ events
(spin 1/2) weak G decay + warm /hot
mixture of Myy ~ 100 GeV collider searches
B,W,H H BBN = Mg, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
(spin 3/2) extremely weak  NLSP decay  warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Scenario 2 - WIMP DM (+ Axion DM)

candidate identity mass interactions production constraints experiments

a axion <0.01eV  (p/fa)" misalign. mech. ¢« cold direct searches with
(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/

P(Q) symm. break. CMB
Xi LSP  lightest neutralino  O(100 GeV) g, g, v; therm. relic + cold indirect searches ¢
~ events
(spin 1/2) weak G decay + warm /hot
mixture of Myy ~ 100 GeV collider searches
B,W,H H BBN = Mg, Y1 coupl.

G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
(spin 3/2) extremely weak  NLSP decay  warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr

a LSP axino eV-GeV (p/fa)" therm. prod. « cold/warm 7 prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay < warm/hot 4 71 collection
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)

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

Dark Matter, Particle Physics, and the LHC



Scenario 3 - EWIP DM (+ Axion DM)

candidate identity mass interactions production constraints experiments
a axion <0.01eV  (p/fa)" misalign. mech. ¢« cold direct searches with
(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/
P(Q) symm. break. CMB
Xi LSP  lightest neutralino  O(100 GeV) g, g, v; therm. relic + cold indirect searches
(spin 1/2) weak G decay + warm/hot  direct searches
mixture of Myy ~ 100 GeV collider searches
B, W, H, HY BBN < Moo, ¥1 coupl.
! b A1 events
G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
(spin 3/2) extremely weak  NLSP decay  warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr
a LSP axino eV-GeV (p/fa)" therm. prod. + cold/warm€_7; prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay « warm/hot 4 71 collection EVENTS
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Scenario 3 - EWIP DM (+ Axion DM)

candidate identity mass interactions production constraints experiments
a axion <0.01eV  (p/fa)" misalign. mech. ¢« cold direct searches with
(spin 0) extremely weak microwave cavities
N.'GOldSt- bOSOIl fa Z 6 X 108 GeV <_> ma, faj ga/yf}/
P(Q) symm. break. CMB
Xi LSP  lightest neutralino  O(100 GeV) g, g, v; therm. relic + cold indirect searches
(spin 1/2) weak G decay + warm/hot  direct searches
mixture of Myy ~ 100 GeV collider searches
B, W, H, HY BBN < Moo, ¥1 coupl.
! b A1 events
G LSP gravitino eV-TeV (p/Mp)" therm. prod. + cold 71 prod. at colliders
(spin 3/2) extremely weak  NLSP decay  warm + 71 collection
superpartner Mp = 2.4x1018 Gev + 71 decay analysis
of the graviton BBN < mg, Mp (7), Tr
a LSP axino eV-GeV (p/fa)" therm. prod. + cold/warm€_7; prod. at colliders
(spin 1/2) extremely weak ~ NLSP decay « warm/hot 4 71 collection EVENTS
superpartner fa > 6 x 108 Gev + 71 decay analysis
of the axion BBN < mz (7), fa, T (7)
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Conclusion

To clarify the (particle ?) identity
of dark matter,
it will be crucial to have
experimental & obs. data from the

many complementary approaches:

direct, indirect & collider dm searches,
BBN studies, ...
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