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What do we know about Dark Matter

• From Astronomical observations
– Neutral, cold, stable

– Not baryonic,  weakly interacting

– ρχ≈0.3GeV/cm3 V ≈ 220 km/s

• What we would like to know?
– Is it a fundamental particle?

– What are its properties?

– How does it interact?

– What is the symmetry origin of the dark matter particle?

– Is dark matter composed of one particle species or many?

– How and when was it produced?



Experimental Searches for Dark Matter

• Astrophysical experiments
– Direct detection

– Indirect detection
• Long-based

• High altitude

• Space based

• Collider experiments (LHC)
– Measurements are complementary to astrophysical searches

– LHC discovery of new physics, such as SUSY, and measurements of the 
underlying model parameters.

• Compare to DM hypothesis

• Predict Dark Matter 

parameters Ωχh
2, mχ, σχp

Si etc. 

compare with astrophysics data



• Constraints from experimental observations were no match to 
theorists imagination.

• Variations of models, but not

all of them are equally 

motivated

• WIMPS could be the ideal DM candidates
– Naturally produced in many models like SUSY, extra-dimension, little Higgs…

– Gives naturally the correct Dark Matter relic density

• Amount of remaining dark matter is inversely proportional to its annihilation cross 
section:   ΩDM  < σ v > -1  0.1 

Nature of Dark Matter?

Wimps and SuperWimps could be produced 
In colliders 



SUPERSYMMETRY

• Well motivated extension to the Standard Model. Introduces 
fundamental continuous fermions-boson symmetry 
– SM particle have supersymmetric

partners, differ by spin ½

– Sparticles should have the same 

mass as SM particles:
• Not observed! SUSY must be a broken 

symmetry at low energy

• SUSY stabilizes Higgs mass against large loop correction
– Predict Higgs mass ≤ 135GeV 



SUSY and Dark Matter

• R-parity conservation introduced to avoid proton decay:
– Sparticles are produced in pairs.

– Lightest Supersymmetric Particle (LSP) is absolutely stable

• LSP is a neutral, weakly interacting massive particle (WIMP)
– Good candidate for Dark Matter

• Which LSP depends on the point of the parameter space
– LSP could be Neutralino (WIMP), Gravitino (SuperWIMP)

• mSUGRA
– SUSY masses unify at GUT-scale m0, m1/2

– tanβ, A0, sign(μ)

– Neutralino LSP

• Four regions with  W NEUTRALINO  W DM  due to enhanced annihilation in 
early universe



mSUGRA parameter space

Within mSUGRA parameter space, only few regions are compatibles with experimental
Constraints.



ATLAS Benchmark Points for mSUGRA

Exclusion regions for A0 = 0,  > 0, tan = 10



The LHC and the ATLAS detector



CERN (Meyrin)

LHC

SPS

ATLAS

LHCB
CMS

ALICE

• Large Hadron Collider Design 
parameters
• p-p beam @ 14 TeV CM energy
• Luminosity 1033-1034cm-2s-1

• Bunch crossing rate 40 MHz
• Events per bunch crossing ~20
• Lint = 10fb-1 – 100fb-1 /year 

p p√s=14 TeV



LHC is back!!!



The ATLAS detector



The ATLAS detector

• Precise tracking:

– Charged particles

– Vertex reconstruction

• Electomagnetic calorimeter

– electron/photon identification

• Hadronic +EM calorimetry

– Jets

– Missing transverse energy (MET)

• Muon Spectomer

– Standalome muon identification

• Full 4 coverage, but  longitudinal 
boost unknown. Only transverse 
momentum is conserved.

• Some variable used for SUSY/DM 
analysis



The ATLAS detector with first LHC data

• 98-100% operational

• Tracking system (pixel, SCT, TRT) fully 
operational when stable beam

• Peak  instantaneous Luminosity 
7x1026 cm2s-1 

• Average data taking efficiency  90%

• Collected luminosity  20 b-1

( 12 b-1 during stable beam)







ATLAS Calorimeters response 



Missing Transverse Energy

• Sensitive to calorimeter performance (noise,
coherent noise, dead cells, mis-calibrations,
cracks, etc.) and backgrounds from cosmics,
beams, …
• Measurement over full calorimeter coverage
(3600 in φ, |η| < 5, ~ 200000 cells)



SUSY / Dark Matter searches 
with ATLAS



SUSY / Dark Matter Search Strategy

1. Look for deviation from SM predictions, e.g. jets + MET

2. Is it SUSY? If so establish the SUSY mass scale using inclusive 
variables, e.g. effective mass distribution. 

Relevance to Dark Matter:
– Inclusive studies: Verify if the discovered signal provides a possible Dark 

Matter candidate

– Exclusive studies: Model-independent calculation of LSP mass, compare 
to observation

3. Which SUSY flavor? Determine model parameters. Needs high 
luminosity.

Strategy: select particular decay chains and use kinematics to 
determine mass combination

Relevance to Dark Matter
– model-dependent calculation of relic density, σ(χpsi), etc



SUSY Signatures

• Consider only R-Parity conserving models
• Long decay chain down to LSPs and large mass differences between 

SUSY states.  Many high-pT objects (jets, leptons, b-jets)

• Experimental signatures, in addition to the
large MET from the escaping LSP:
– 0 leptons,  1 lepton and di-leptons (SS and OS) 

analyses with MET and >=N jets, where N=2,3,4
– tri-lepton + MET 
– tri-lepton + jets,
– tau + jets +MET 
– b-jets + light jets + MET analyses.
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LSP escapes detection  large missing ETX q

mSUGRA bulk region



Inclusive Searches: 0 leptons mode

• SUSY signature: Missing ET + 4 high-pT jets + 0 isolated leptons (e, μ)

• Sensitive variable to detect SUSY is the “effective mass” 

Meff = Σ|pT
i| + ET

miss

Detailed event selection:

– Hardest Jets pT>100 GeV

– Jets 2,3,4 with pT>  50 GeV

– ET
MISS > 100 GeV

– ET
MISS > 0.2 Meff

– Transverse Sphericity > 0.2

– min Δφ(jeti, ET
MISS)  > 0.2

– veto isolated leptons

mSUGRA bulk region

One of several 
SUSY benchmark 

points

Excess at large Meffective potential discovery of 
SUSY

Events with several hard,
(often miss-measured) QCD 
jets: Monte Carlo large 
systematic uncertainties

Main SM backgrounds: t-tbar, W(lν)+jets, Z(νν)+jets, QCD jets
• Very Good S/B ≈ 6430 / 1210 for L=1fb-1

• Many (difficult) background contributions to control



Inclusive Searches: 1 lepton mode

Detailed event selection:

– Hardest Jets pT>100 GeV

– Jets 2,3,4 with pT>  50 GeV

– ET
MISS > 100 GeV

– ET
MISS > 0.2 Meff

– Transverse Sphericity > 0.2

– Transverse Mass (l, ET
MISS) > 100 GeV

– Exactly 1 isolated lepton pT>20 GeV

Main SM background: t-tbar, W(lν)+jets
• Very Good S/B ≈ 230 / 40 for L=1fb-1

• More robust  (QCD less critical here)

Other inclusive Search channels considered:
 Relax N jets from 4 to 3 or 2 …
 2 lepton same sign, opposite sign
 3 leptons + jet (no ET

MISS !)
 3 leptons + ET

MISS (no jets !)
 Tau mode: e, μ replaced by hadronically
decaying τ, can dominate over e, μ (high tanβ)
 B-jet mode: exploit SUSY’s richness in b-jets

SUSY signature: Missing ET + 4 high-pT jets + 1 isolated leptons (e, μ)



Background Estimation

• Aim is to understand SM backgrounds using data

• Data-driven techniques relies on:
– Excellent undestanding of detector effects

– Defining control samples (regions) where signals are suppressed but  are still 
representative of SM background(s).

– Defining independent variables (usually 2) to  parameterize these regions

– Different techniques, depending on the considered background. analysis.

• Example: Side bands techniques:
– D = BxC / A

– Example: top/W background for 1-lepton mode

• MT (lepton, MET)
• Control: MT<100 GeV
•Signal: MT>100 GeV
• Normalization region:
100 GeV<MET<150 GeV



Example: Z  estimation for 0 leptons mode

• Measure Z ll from data, replace charged leptons with neutrinos.

• Use standard selections for 0leptons mode with pT(l+l-) substitution for MET.

• Shape fit of SM + generic signal PDFs to ET
MISS, Meffective, Σjet-pT

• Acceptance (,pT) and BR corrections must be applied.



ATLAS Discovery Reach

Assumed uncertanties: QCD 50%, tt, V+j 20%



Is it SuperSymmetry?

• Need to demonstrate that excess w-r-t SM is SUSY and not 
another model   Spin measurement
– Charge asymmetry of lq pairs measures the spin of 0

2

– Shape of dilepton invariant mass measures slepton spin

• Several SUSY models: mSUGRA, GMSB,  AMBS,…
– Different constraints and different final states

– Different LSPs



Inclusive Searches

• Once SUSY signatures are established, first task to test broad features of 
potential dark matter candidates.

• Question 1: Do we get a significant MET signal ? Is R-Parity conserved?

– If so, possible Dark Matter candidate

– However, LHC experiments sensitive cannot measure the LSP lifetime if it lives 
longer than  1ms (<< tU ~ 13.7 Gyr).

• Question 2: Could we have hints on SUSY parameters? What decays 
produces LSP?

– Relative Significance in 0,1,2 lepton channels  m0,m1/2

– 3rd generation  tan

– Meffective  Mass scale 



Exclusive Searches

• Measure weak scale SUSY parameters through exclusive decays modes

– SUSY mass spectrum measurement  sparticles mass, couplings,…

• Mass reconstruction:

– Most promising channel : opposite-sign, same flavor dilepton
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Di-lepton edge after Flavor Subtraction  

1 fb-1

18 fb-1

SUSY

Standard Model

0.5 fb-1

Two light sleptons, 
Coannihilation region

Bulk 
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Low mass 
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• Method sensitive to any sleptons lighter than 2nd neutralino

• Subtract background (from Standard Model and SUSY itself) using flavor 
information e+e- + μ+μ– - e+μ- - e-μ+

• Position of mass-edge sensitive to combination of sparticle masses



Including quarks
• Use same dilepton events, similar mass-edge extraction for lepton(s)-jet  

invariant mass mlq and mllq

• Use position of all edges to fit for sparticle masses

– Fit assumes we know mass hierarchy, e.g. from di-lepton edge shape

– Otherwise model-independent

– Need more data for precise masses

– Quite sensitive to mass differences

Measured     Monte Carlo



Measurement of Model Parameters

• Assuming a known model (e.g. mSUGRA), perform global fit to 
extract model parameters from observables

mSUGRA bulk region, 1 fb-1



Connection to Dark Matter 
Searches



Dark Matter Parameters

• To compare with results from direct/indirect detection, need to 
calculate -nucleon elastic cross-section and relic density.

• Calculate rate for all possible neutralino annihilation processes
– slepton exchange, slepton masses < 200 GeV

– annihilation to vector bosons (LSP has a wino or higgsino component)

– coannihilation with light sleptons

– annihilation to third-generation fermions.

• Not possible to access all SUSY parameters (masses, couplings, 
spin…)  needed for the calculation, BUT possible to identify 
which processes are relevant or not.

• Compare  collider-astrophysical results within specific SUSY 
models



Comparing with Direct Measurements 

• Calculate neutralino mass m and

cross section σ-nucleon

• Compare with direct detection

Same WIMP in lab and space?

300 fb-1



Comparing with Cosmological Observations

• Calculate neutralino relic density

• Precision comparable to that from cosmology: W = W DM ?

• This precision depends on assuming very constrained SUSY
breaking scenario. In more general scenario: much looser 
constraints.

• W  h2 = 0.192 ± 0.005 (stat) 
± 0.006 (sys) 

• What fraction of the dark matter is 
neutralinos?

(simulated point is pre-WMAP)

300 fb-1



Model independent approach

300 fb-1

Nojiri, Polesello,Tovey JHEP 0603:063 (2006)• In calculations of m, σ  W

– mSUGRA unification assumption constraints

• MSSM analysis not assuming specific SUSY 
breaking scenario needs more measurements 

• e.g. to calculate W need
– LSP mass, LSP mixing matrix

– to establish which processes are relevant to 
LSP annihilation…

– …and measure them  

OR
• Several mSUGRA points also analyzed as 

MSSM to evaluate LHC + ILC prospects by 
Baltz et al.

• Bulk region, 300 fb-1:

 W precision in agreement with Polesello
et al.

 σ-nucleon not well constrained, as it 
depends on heavy Higgs mass (not 
observable at LHC in this model)

Baltz, Battaglia, Peskin, Wizansky PRD 74:103521 
(2006)



What could we expect @ 7 TeV?
• LHC will run @7 TeV to collect 1 fb-1

• Cross-section steeply falling for heavy objects
production (e.g. sparticle pair)

• Predictions @ lower s and lower nontrivial:
– x-sections change rapidly

– background systematics are Lint dependent

• We may see a glimpse of low mass SUSY 
(SU3/SU4 -like)…

Recent update to 200pb-1 @ 10TeV



Conclusions

• The ATLAS detector is fully operational for the LHC 2010-2011      7 TeV
run.
– Updates on 7 TeV expectations would help on tuning SUSY searches, though 

efforts are now towards exploiting data.

• SUSY discovery is possible if SUSY mass scale is within kinematically
accessible

• Following a “SUSY” discovery, the LHC experiments will aim to test the 
SUSY Dark Matter hypothesis.

• While the LHC cannot distinguish between stable and long-lived SUSY 
matter particles, it can provide mass and properey measurements. The 
impact on Dark matter will depend on the nature of SUSY.

• Favorable scenarios suggest precise calculations of m, σ W possible 
with ~300fb-1 of data

• When combined with Astroparticle & Cosmology measurements, this 
would reveal the relation of the SUSY LSP to the Dark Matter


