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The message:

In revealing the nature of the dark matter in the

Universe, the role of the LHC will not be just

helpful, or complimentary.

It will be absolutely essential!
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The case for dark matter

evidence for dark matter is convincing
galactic scales (spirals, dwarfs, elliptical, ...)

cluster scales (hot gas, strong gravitational lensing,
Bullet cluster, ...)

global scales (weak gravitational lensing, LSS power
spectrum, CMB, ...)

... ... but only through gravitational effects Ωi = ρi/ρcrit

concordance ΛCDM model works well

main components: dark energy and cold dark matter

⇒ ΩCDMh2 = 0.1152 ± 0.0042

most natural candidate: WIMP
(weakly interacting massive particle)
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WIMPs: thermal or (and?) non-thermal?
thermal

from freeze-out

non-thermal

out-of-equilibrium, several mechanisms

thermal production (TP): robust, hard to suppress

non-thermal production (NTP): more model-/mechanism- dependent,
can be dominant, opens up new possibilities
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DM: The Big Picture
∗ – not invented to solve the DM problem

well–motivated∗ particle candidates with Ω ∼ 0.1
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DM: The Big Picture
L.R. (2000), hep-ph/0404052

neutrino ν – hot DM

neutralino χ

“generic” WIMP

axion a

axino ã

gravitino G̃

vast ranges of interactions and masses

different production mechanisms in the early Universe (thermal, non-thermal)

need to go beyond the Standard Model

WIMP candidates testable at present/near future

axino, gravitino EWIMPs/superWIMPs not directly testable, but some hints from LHC
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dimensions
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a sub-class of WIMPs (eg. Dirac ν, etc)

massive (almost) sterile sneutrino ν̃R

Dirac-type, mν̃R
∼ MSUSY (∼ 0.1 − 1 TeV), interactions ≪ those of χ,

non-thermal relic, not easily testable
axion as attractive as is old..., search in progress

axino ã, gravitino G̃ extremely-weakly interacting relics

warm (∼ keV) or cold, not directly testable (but hints from LHC)
add your own...

several other interesting candidates: well-tempered neutralino, multiple (UPT) DM, little
Higgs DM, mirror DM, shadow DM, sequestered DM, secluded DM, flaxino DM, Higgs portal
DM, inflation and DM, modulus DM, etc etc. – no nonsense but not superior either
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It is fairly easy to invent a DM relic

it is much (!) harder to invent a (lasting) model of

‘new physics’ containing a DM candidate
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Supersymmetry

SUSY - by far the most popular and developed framework

gauge couplings “run” with energy
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of neutral gauginos eB (bino), fW0
3 (wino) and neutral higgsinos fH0

t , fH0
b

Majorana fermion (χc = χ)
most popular candidate

part of a well-defined and well-motivated framework of SUSY

calculable

relic density: Ωχh2 ∼ 0.1 from freeze-out (...more like 10−4 − 103)

stable with some discrete symmetry (e.g., R-parity or baryon parity)

testable with today’s experiments (DD, ID, LHC)

...no obviously superior competitor (both to SUSY and to χ) exists

Don’t forget:

multitude of SUSY-based models: general MSSM, CMSSM, split SUSY, MNMSSM,
SO(10) GUTs, string inspired models, etc, etc

neutralino properties often differ widely from model to model

neutralino = stable, weakly interacting, massive ⇒ WIMP
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Where to find the WIMP?

...go underground!
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depending on DM distribution in the GC

other ideas: traces of WIMP annihilation in dwarf galaxies,

in rich clusters, etc
more speculative
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Indirect, direct, collider

(Strumia)

but... usually NO crossing symmetry to help
reason: in each case different diagrams dominate

ID: see talk by D. Murfatia

DD: this and next talk

colliders: this talk and talk by S. Asai
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Kane, Kolda, LR, Wells (1993)
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tan2 β
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−

m2

Z

2

4+1 independent parameters:

m1/2, m0, A0, tan β, sgn(µ)

well developed machinery to compute
masses and couplings

neutralino χ mostly bino
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SUSY: Prospects for direct detection
Bayesian analysis, MCMC scan of 8 params (4 SUSY+4 SM)

CMSSM: global scan, Nested Sampling

internal (external): 68% (95%) region

currently best limits from:

XENON-100 and CDMS-II:

σSI

p ∼< 10−7 pb:

also Zeplin–III, Edelweiss

⇒ already explore most
favored region

(large m0 ≫ m1/2 ⇒ heavy squarks)
largely beyond LHC reach

⇒ next: ZENON-100 - sensitivity reach ∼ 10−9 pb later this year

⇒ future: 1 tonne detectors - sensitivity reach ∼ 10−10 pb in a few years
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SUSY: Prospects for direct detection
Bayesian analysis, MCMC scan of 8 params (4 SUSY+4 SM)

CMSSM: global scan, Nested Sampling

internal (external): 68% (95%) region

currently best limits from:

XENON-100 and CDMS-II:

σSI

p ∼< 10−7 pb:

also Zeplin–III, Edelweiss

⇒ already explore most
favored region

(large m0 ≫ m1/2 ⇒ heavy squarks)
largely beyond LHC reach

⇒ direct detection: prospects look excellent
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Gazing into a crystal ball...

Niels Bohr

Prediction is very difficult,
especially if it’s about the future.
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WIMP elastic scat. cross section
...within an order of magnitude, or so

WIMP mass
...within a factor of two, or so

signal in more than one detector with different targets will help a lot

(Drees+Shan, Green, 2008,...)

⇒ The nature of DM WIMP would remain a mystery

...need colliders
(...indirect detection: too many astrophysical uncertainties)

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.21
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Dark matter at colliders

direct WIMP production pp → χχ+ hadronic debris:
undetectable

only missing energy, nothing to tag on

DM WIMP is expected to be part of “new physics”
at/above EW scale

like neutralino and SUSY

LHC will probe “new physics” up to a few TeV

...measure several processes, perform detailed spectroscopy,...

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.22
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SUSY at the LHC
√

s = 7 TeV (→ 14 TeV),
∫

L ∼> 1 fb−1 ATLAS, CMS
e.g.: 4 jet + pmiss

T distribution
e.g.: eg cascade decay

use end-point, Emiss
T ,

etc, to work out mχ

LHC: mχ up to some

400 − 500 GeV

measure as many processes as possible

perform detailed spectroscopy, ...

⇒ Great triumph of the “standard paradigm”
— ...if SUSY indeed experimentally confirmed!
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SUSY DM: experimental reach
Constrained MSSM (mSUGRA), ...huge volume of studies

e.g., Baer, et al. (2004)

cosmologically favored
(for fixed slices of
CMSSM parameters):

A funnel (AF)

focus point (FP)

τ̃ coannihilation
(SC)

DD: probe all FP and lower mχ part of AF and CA

LHC: probe lower mχ part of AF and CA, poorer in FP

ID strongly dependent on halo model
L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.24
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SUSY parameter reconstruction
Case study: ATLAS SU3 (CMSSM) benchmark point, arXiv:0901.0512

Parameter SU3 benchmark value

m0 100 GeV

m1/2 300 GeV

tan β 6.0

A0 −300 GeV

Ωχh2 0.23319 ⇐

SUSY mass spectrum

χ = χ0
1 117.9 GeV

χ0
2 223.4 GeV

fmel
152.2 GeV

meq 652.4 GeV

fmel
- lightest slepton mass

meq - average light squark
mass
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SUSY parameter reconstruction
Case study: ATLAS SU3 (CMSSM) benchmark point, arXiv:0901.0512

Parameter SU3 benchmark value

m0 100 GeV

m1/2 300 GeV

tan β 6.0

A0 −300 GeV

Ωχh2 0.23319 ⇐

SUSY mass spectrum

χ = χ0
1 117.9 GeV

χ0
2 223.4 GeV

fmel
152.2 GeV

meq 652.4 GeV

fmel
- lightest slepton mass

meq - average light squark
mass

study endpoint measurements

dileptons + lepton+jets analysis of
the decay chain

eqL → χ0
2(→

el±l∓)q → χ0
1l+l−q

and

the high-pT and large missing
energy analysis of the decay chain

eqR → χ0
1q

χ2 minimization

int. lum. 1 fb−1
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SUSY parameter reconstruction
ATLAS SU3 benchmark point

Bayesian analysis, Gaussian approx., use SuperBayeS package
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green cross in circle: best-fit value

big dot: posterior mean

dark blue: 68% total prob. region

light blue: 95% total prob. region
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SUSY parameter reconstruction
ATLAS SU3 benchmark point

Bayesian analysis, Gaussian approx., use SuperBayeS package
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⇒ parameters reconstructed with
reasonably good accuracy
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Determining Neutralino’s Ωχh2 at LHC
assume neutralino is the LSP

relic abundance Ωχh2

need to measure mχ , Higgs, gluino and lightest squark masses, several BRs and

tan β (depending on SUSY framework):
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relic abundance Ωχh2

need to measure mχ , Higgs, gluino and lightest squark masses, several BRs and

tan β (depending on SUSY framework):

Nojiri, Polesello, Tovey ’04, SPA point ATLAS SU3 point

Ωχh2

P
ro

ba
bi

lit
y

Roszkowski, Ruiz de Austri & Trotta (2009)

68%, 95% contours

best fit

mean

true value

0.1 0.2 0.3 0.4
0

0.2

0.4

0.6

0.8

1

⇒ Ωχh2 determination: ∼10% error achievable
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Determining σSI
p

assume Planck-like error: reduce WMAP error on Ωχh2 by ∼ 5 (∼< 0.0016)
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add Ωχh2 WMAP error
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similar result for flat prior and profile likelihood

⇒ σSI
p determination reasonably good
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singlino DM very rare

⇒ fairly similar pattern
many collider signatures also (likely to be) similar

⇒ LHC, DM expt: it may be hard to discriminate among SUSY models

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.29
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Gazing into a crystal ball...
Assume SUSY...

WIMP detected in DM expts and SUSY found at the LHC

WIMP mass from DD and LHC agree

LHC-based estimate of neutralino abundance
Ωχh2 ∼ 0.1

...within an order of magnitude, or so

⇒ Neutralino declared DM!
...ramaining challenge to establish detailed properties, which SUSY model, etc, etc

⇒ The nature of DM WIMP resolved

...life may not follow the favored script...

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.30
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Gazing into a crystal ball...
Assume SUSY...

SUSY found at the LHC but NO signal detected in DM expts

seemingly stable neutralino χ (missing energy) found at
the LHC...

⇒ some other particle, lighter than χ, may be DM
especially if cosmic axion excluded, or found cosmologically subdominant

or

semingly stable charged particle (e.g. stau τ̃ ) found at
the LHC (cannonball)...

⇒ some other particle, lighter than τ̃ , must be DM
LHC may (indirectly) point to E-WIMPs as DM

⇒ The resolution of DM puzzle would be “postponed”
...possibly for a very long time

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.31



The Big Picture
well–motivated particle candidates such that Ω ∼ 0.1

neutrino ν – hot DM

neutralino χ

“generic” WIMP

axion a

axino ã

gravitino G̃

????
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The Big Picture

neutrino ν – hot DM

neutralino χ

“generic” WIMP

axion a

axino ã

gravitino G̃

????

axino, gravitino EWIMPs are well-motivated

natural theoretical frameworks (SUSY+axion, SUSY+gravity)

relic density often ∼ 0.1

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.32



E–WIMPs: G̃ and ã
(extremely weakly interacting massive particles)
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E–WIMPs: G̃ and ã
(extremely weakly interacting massive particles)

historically first:
eG: Pagels+Primack, Weinberg (’82)

ea: Tamvakis+Wyler (’82, pheno only)
ea WDM: Rajagopal, Turner, Wilczek (’90)
ea CDM: Covi, J.E. Kim, Roszkowski (’98)

eγ: Goldberg (’83)
χ: Ellis, et al (EHNOS) (’84)
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(extremely weakly interacting massive particles)

historically first:
eG: Pagels+Primack, Weinberg (’82)

ea: Tamvakis+Wyler (’82, pheno only)
ea WDM: Rajagopal, Turner, Wilczek (’90)
ea CDM: Covi, J.E. Kim, Roszkowski (’98)

eγ: Goldberg (’83)
χ: Ellis, et al (EHNOS) (’84)

neutral, Majorana, chiral fermions

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.33



E–WIMPs: G̃ and ã
(extremely weakly interacting massive particles)

historically first:
eG: Pagels+Primack, Weinberg (’82)

ea: Tamvakis+Wyler (’82, pheno only)
ea WDM: Rajagopal, Turner, Wilczek (’90)
ea CDM: Covi, J.E. Kim, Roszkowski (’98)

eγ: Goldberg (’83)
χ: Ellis, et al (EHNOS) (’84)

neutral, Majorana, chiral fermions

(assume usual gravity mediated SUSY breaking)

axino ã gravitino G̃

spin 1/2 3/2

interaction ∼ 1/f2
a ∼ 1/M2

P

mass 6∝ MSUSY ∝ MSUSY

mass model dependent

take it as free parameter

∼ eV − 100 TeV

fa ∼ 109−12 GeV – PQ scale

MP = 2.4 × 1018 GeV – reduced Planck mass

MSUSY ∼ 100 GeV − 1 TeV – soft SUSY mass scale
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E–WIMPs: G̃ and ã
(extremely weakly interacting massive particles)

historically first:
eG: Pagels+Primack, Weinberg (’82)

ea: Tamvakis+Wyler (’82, pheno only)
ea WDM: Rajagopal, Turner, Wilczek (’90)
ea CDM: Covi, J.E. Kim, Roszkowski (’98)

eγ: Goldberg (’83)
χ: Ellis, et al (EHNOS) (’84)

neutral, Majorana, chiral fermions

(assume usual gravity mediated SUSY breaking)

axino ã gravitino G̃

spin 1/2 3/2

interaction ∼ 1/f2
a ∼ 1/M2

P

mass 6∝ MSUSY ∝ MSUSY

mass model dependent

take it as free parameter

∼ eV − 100 TeV

fa ∼ 109−12 GeV – PQ scale

MP = 2.4 × 1018 GeV – reduced Planck mass

MSUSY ∼ 100 GeV − 1 TeV – soft SUSY mass scale

R-parity can but does not have to be conserved
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⇒ TR ∼< 107 sec

..., Pospelov, Pradler et al, Bailly et al...

1011 sec if 6Li/7Li relaxed

stau effectively stable at the LHC

meτ ∼> 100 GeV ⇒ lifetime ∼ 1 −104 sec

⇒ spectacular signature at the LHC
LHC: may give unique insight into EWIMP-type DML. Roszkowski, COSMO/CosPA 2010, Tokyo – p.34
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ã
√ √

G̃ X∗ √

∗ : unless m eG ∼< 1GeV (hep-ph/0509275)

LHC: seemingly stable charged state (τ̃1): ⇒ hint for EWIMP DM,
either ã or G̃
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∗ : unless m eG ∼< 1GeV (hep-ph/0509275)

LHC: seemingly stable charged state (τ̃1): ⇒ hint for EWIMP DM,
either ã or G̃

LHC: seemingly stable neutral state (χ) but no signal in DD/ID DM
searches (also Ωχh2 6= 0.1): ⇒ hint for only ã DM

⇒ LHC can give strong indications for EWIMP as DM

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.35



LHC: more wonders with EWIMPs...

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.36



LHC: more wonders with EWIMPs...
Provided that eτ1 is the lightest ordinary superpartner (NLSP): (charged, very long-lived)

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.36



LHC: more wonders with EWIMPs...
Provided that eτ1 is the lightest ordinary superpartner (NLSP): (charged, very long-lived)

catch staus and study them
Feng+Smith (’04), Hamaguchi, Kuno, Nakawa, Nojiri (’04)

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.36



LHC: more wonders with EWIMPs...
Provided that eτ1 is the lightest ordinary superpartner (NLSP): (charged, very long-lived)

catch staus and study them
Feng+Smith (’04), Hamaguchi, Kuno, Nakawa, Nojiri (’04)

G̃ LSP: determine Planck scale MP and G̃ mass (also spin?)
Buchmuller, Hamaguchi, Ratz, Yanagida, hep-ph/0402179

Brandenburg, Covi, Hamaguchi, LR, Steffen, hep-ph/0501287

L. Roszkowski, COSMO/CosPA 2010, Tokyo – p.36



LHC: more wonders with EWIMPs...
Provided that eτ1 is the lightest ordinary superpartner (NLSP): (charged, very long-lived)

catch staus and study them
Feng+Smith (’04), Hamaguchi, Kuno, Nakawa, Nojiri (’04)

G̃ LSP: determine Planck scale MP and G̃ mass (also spin?)
Buchmuller, Hamaguchi, Ratz, Yanagida, hep-ph/0402179

Brandenburg, Covi, Hamaguchi, LR, Steffen, hep-ph/0501287
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ã LSP: determine Peccei-Quinn scale fa and ã mass
Brandenburg, Covi, Hamaguchi, LR, Steffen, hep-ph/0501287

ã or G̃ LSP: distinguish them
Brandenburg, Covi, Hamaguchi, LR, Steffen, hep-ph/0501287

ã or G̃ LSP: determine reheating temperature TR

Choi, LR, Ruiz de Austri, arXiv:0710.3349
see also Endo, Hamaguchi, Nakaji, arXiv:1008.2307
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The message:

In revealing the nature of the dark matter in the

Universe, the role of the LHC will not be just

helpful, or complimentary.

It will be absolutely essential!
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