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One known example 
Big Bang Nucleosynthesis 

Consistency of 

• Light elements properties from 
nuclear physics 

• Light elements abundance from 
astrophysics 

Gives the understanding of our 
Universe at 

T = 1 MeV   t = 1 sec 

TASI lectures on dark matter. Keith.A. Olive Published in *Boulder 2002, Particle physics 
and cosmology* 797-851  e-Print Archive: astro-ph/0301505  



BSM particles as Dark Matter Candidate 
The list is very long and includes  

The lightest supersymmetric particle (LSP)  in SUSY with R-parity 
conservation 

The lightest Kaluza-Klein (KK) excitation in models with extra 
dimensions and KK parity 

The lightest T-odd state in the little Higgs model with T-parity 

…………. 

All these WIMPS are electrically neutral and stable: if produced in high 
energy collisions they escape the detector. Their discovery relays on other 
new particles present in the theory and their subsequent decay into the 
dark matter candidate. 

At LHC the generic signature is jets (plus leptons) plus large MISSING 
TRANSVERSE ENERGY. 



Missing Energy searches- 
the Experimental Challenge 

Measuring Missing Energy is an experimental challenge because 
all “anomalies” in the measured event will contribute to the missing 
energy tail.  

Unfortunately the “experimental” anomalies are more frequent than 
the “physics” anomalies ! 

Maria Spiropulu’s 
thesis 
ME in CDF run 1 in 
QCD d-Jets Events 

QCD gap 





Missing Energy 

An important requirement on the measurement of /ET is to minimize 
the impact of limited detector coverage, finite detector resolution, 
presence of dead regions and different sources of noise that produce 
fake /ET. 

•  Noise suppression 

• /ET Algorithms 

•  Performance 



Noise suppression 

The electronics noise alone in the  200k readout channels of the ATLAS 
calorimeter contributes about 13 GeV to the width of the /ET 
distribution. Especially in events that do not have large /ET, such as in 
Ztt used for an in-situ determination of the /ET scale, the noise 
suppression is of crucial importance.  
The noise suppression method requires knowledge of the width of the 
noise distribution, s-noise, which can be either purely electronics noise 
or a combination of electronics and pile-up noise. 
The method is based on only using calorimeter cells with energies larger 
than a threshold, generally corresponding to a certain number of s-
noise. The threshold is optimized for /ET resolution, the scale of /ET, the 
total transverse energy in the calorimeters, ΣET, and for the highest pT 
jet to be close to the case without noise simulation. Typical case is a 
symmetric threshold (|Ecell| > n x s-noise) 



Noise and topocluster 

Uses cells in 3-dimensional topological calorimeter clusters , 
hereafter called TopoClusters. A TopoCluster is reconstructed starting 
from a seed cell with an absolute energy value |Ecell| > 4xs-noise to 
which neighbors with |Ecell| > 2snoise are added. Finally the cells 
at the boundary are required to have |Ecell| > 0snoise. The cells that 
constitute the TopoCluster are hereafter called TopoCells. 

As a result of the large energy density of electromagnetic showers, 
the π0 reconstruction efficiency is high (close to 100% for energies 
> 4 GeV) for the 4/2/0 configuration. On the other hand, the 
reconstruction efficiency for charged pions is very sensitive to the 
parameters of the TopoClusters. For example, changing the cuts on 
neighbors from 4/2 to 6/3, the π± efficiency significantly decreases 
for TopoClusters with E <4 GeV. 



Et algorithm in ATLAS 

where 

good quality muons 

<5% effect 



ET algorithm in ATLAS 
The straightforward result of this formula obtained by using the 
electromagnetic calibration for all cells, gives a large shift in the /ET scale of 
about 30% with respect to /Etrue T. 
This result illustrates the necessity of developing a dedicated calibration 
scheme to reduce the systematic shift of the /ET scale and optimize its 
resolution. This goal is achieved in several steps according to the cell 
classification. The classification depends on whether the energy deposits in 
the calorimeter are electromagnetic or hadronic in nature and whether they 
are associated with high pT particles. 
To classify energy deposits, schemes to calibrate hadronic showers such as 
‘H1-like’ calibration or ‘Local-Hadronic’ calibration utilize the energy 
density in a cell. Electromagnetic showers tend to have higher energy 
densities as compared to hadronic showers. The next step in the cell-based /
ET reconstruction is to globally calibrate all calorimeter cells using the ‘H1-
like’ or ‘Local-Hadronic’ calibration schemes. This already gives a very 
good /ET performance. 



Refined energy calibration 

The final step is the refinement of the calibration of cells associated 
with each high-pT object. Calorimeter cells are associated with a 
parent reconstructed and identified high-pT object, in a chosen 
order: electrons, photons, muons, hadronically decaying τ-leptons, b-
jets and light jets. Refined calibration of the object is then used in /
ET to replace the initial global calibration cells. The calibration of 
these objects is known to higher accuracy than the global 
calibration, enabling to improve the /ET reconstruction. 

However here care has to be taken for the jet corrections to apply 



Is it important to use cells instead 
than reconstructed objects ? 

Zττ 

All Cells All Cells linked to objects 



Linearity 

Effect of finite 
resolution. since /Et>0 
by construction there 
is a bias at Etrue~0  



Resolution on Ex,Ey 

Resolution is function of the total energy measured by the calorimeter 
(ΣET). It is parameterized as Resolution(GeV) ~0.5-0.6 √(ΣET(GeV)) 



Angular Resolution 



Fake Missing energy 
The reconstructed /ET has two constituents - one that is produced by 
particles that interact weakly with the detector (/ETrueT ) and the 
other one due to detector inefficiencies and resolution (/EFakeT ). 
The Figure shows the rate of /EFakeT and /ETrueT for the QCD 
sample generated with 560 < pT < 1120 GeV, where /EfakeT 
dominates at lower values and also has a larger tail. 



Fake missing energy from muons (1) 
EFakeT from muons can be caused either by inefficiencies in 
reconstructing a high pT muon or by reconstructing a fake high pT muon. 
The latter could be present due to a combination of a lower pT muon 
and/or random hits from high pT jet punch-throughs from the calorimeter 
to the muon chambers. It can be argued that for reasonable muon 
identification efficiencies, /EFakeT from missed muons will only be a 
small fraction of the /Etrue T from neutrinos. For example in QCD 
samples the neutrino to muon ratio is roughly two. On the other hand fake 
muons that are reconstructed from random hits in the muon chambers 
can be arbitrarily hard and strongly contribute to /EFake 
T . However, the study here shows that /EFakeT from muons is dominated 
by missed muons rather than fake muons. 



Fake missing energy from muons (2) 



Fake Et from the Calorimeter 
Here is assumed that all calorimeter readout channels are functional. /
EFakeT in the calorimeter is then produced by mis-measurements of 
hadronic jets, taus, electrons or photons. 

The worse measured jet 



ATLAS vs CMS  CMS calorimeters 

CMS particle flow 



Why SuperSymmetry ? 

  Solution to the hierarchy problem ( or why mw << mP ) 

Quantum corrections to mH are quadratically divergent in the 
SM  

Λ represents the scale where new physics beyond the 
Standard Model appears. If it  is comparable to the  Planck 
scale finite higgs mass implies a fine tuning of  ~ 14 digits ! 



In SuperSymmetry there are equal numbers of bosons 
and fermions with identical couplings. Since bosonic and 
fermionics loops have opposite sign the one-loop 
correction becomes 

That is well behaving if : 



SuperSymmetry Particle Content 
Every SM particle has a SUSY partner (sparticle) that are exactly 
same, but differ in spin by ½ . 



Hints of SuperSymmetry (1) 

  Strength of the different interactions as measured at LEP and their 
extrapolation to Plank Scale 

U. Amaldi, W. de Boer and H. Furstenau, Phys. Lett. B 260, 447 (1991); 



Hints of SuperSymmetry (2) 
  Precision electroweak data prefer a relatively light Higgs Boson (as expected in 
SuperSymmetry) 

       http://lepewwg.web.cern.ch/LEPEWWG/ 



Hints of SuperSymmetry (3) 

   Astrophysical necessity of cold dark matter. LSP is 
expected to be stable in MSSM because of R parity 
conservation.  

Can work for typical weak cross 
section ! 



Missing Energy searches 
After you have understood the detector  

Main SM backgrounds to fight are: 

QCD production (very large x-section no intrinsic ME) 

Top-Antitop production (large cross section with ME) 

W/Z QCD associated production (large cross section with ME) 

http://doc.cern.ch//archive/electronic/cern/preprints/lhcc/public/lhcc-2006-021.pdf  sec 4.2.2 



Gluino decay path examples 







RA3 Selection 

 *  Number of PrimaryVertices >= 1 

    * No isolated muon (electron) with pT > 10 (15) GeV 

    * Leading three |eta| < 2.5 jets have 0.05 < EMF < 0.95  
         and pT > 180, 150, 50 GeV 

    * MET > 200 GeV 

    * minimum DeltaPhi (leading 3 jets, MET) > 0.3  







SUSY has different incarnations 

ATLAS pTDR 



ATLAS Reach (CMS is similar) 

Significance for SUSY searches  (1fb-1) at four benchmark points 



Missing Energy Plot 

The ME from SM processes 
is compared to the that of 
production of 
SuperSymmetric Particles 
at LM1 Point (see later) 

Signal is very large 
compared to background 



Events with MET from neutrino 
Reject events with “lepton like” jet (kills W decays) 

Normalize the background using events when Z l+l- 

This is good if the Z bkg is 
small, if not one has to use 
alternative methods 
- Z+n jets/Z+n+1 jets 
-  photons at high pt 
-  W’s  (but top bkg) 



An Alternative analysis 

Missing energy is difficult to measure correctly, especially with a 
detector not fully understood. CMS has designed an analysis to 
identify the production of a pair of “new particles” each decaying into   
a quark and a WIMP . One example is the production of a pair of 
squarks followed by their decay into quark and neutralino. The 
topology of the final state is two acoplanar jets. 

In this analysis it is possible to define kinematic variables that can 
discriminate between signal and background without relying on the 
missing energy measurement from the calorimeters. 

http://cms-physics.web.cern.ch/cms-physics/public/SUS-08-005-pas.pdf 



Different topologies 



WIMPS in Di-jets (1) 

After requiring two jets with pt >150 GeV we still have huge QCD 
background  

Expected WIMP contribution 



WIMPS in Di-jets (2) 

After requiring two jets with pt >150 GeV we still have huge QCD 
background  

Expected WIMP contribution 



How to reduce the QCD background ? 
It is however possible to define kinematic variables which separate 
between QCD events and signal-like events with real missing ET. In 
well measured QCD dijet events, transverse momentum conservation 
requires the pT of the two jets to be of equal magnitude and back-to-
back These requirements do not apply to signal-like events where, the 
two squarks decay independently and therefore the resulting jet pT’s 
can be of different magnitude and also their values are (largely) 
uncorrelated. The variable: 

is particularly robust to exploit this separation 



Distribution of alpha_T 



Better understanding of alpha_T  

Can be rewritten as 

with 

€ 

MHT = − ET
i∑

ΔHT = ET
1 − ET

2



Better understanding of alpha_t  ρ 

For a mismeasurement ρ of one jet 
and for a small angle ε between 
the jets 

€ 

HT = E(1+ ρ)

MHT = E(1− ρ)u + Eεv
ΔHT = E(1− ρ)
ΔHT
HT

=
1− ρ
1+ ρ

MHT
HT

≈
1− ρ
1+ ρ

+
ε2

2(1− ρ2)
..............(ρ ≠1)



Data Driven BKG estimation 

All cuts applied except alpha_T 
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Data Driven BKG estimation 

Flat distribution = 
only background 

Decreasing distribution= 
signal is present 



Noise from cosmics run 



SUSY with 1 lepton 

How low can one go in muon pT? 







SUSY with 2 leptons 

http://cms-physics.web.cern.ch/cms-physics/public/SUS-08-001-pas.pdf 

At least 2 isolated leptons opposite sign same flavor pt>10 GeV 

At least 3 jets >30 GeV 

E_leading > 120 GeV, E_subleading >80 

MET > 200 GeV 



SUSY vs Standard Model 



Signal to background 

Expected number of events in 1 fb-1 for different processes 

Used for 
background 
evaluation 



Flavor symmetric background 
Z tag and probe 



Dilepton invariant mass spectrum 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Constrained Minimal Super Symmetry 
CMSSM 

Important constraints have been provided by LEP 
 and Tevatron (unsuccessful) searches 
The results are compiled in terms of CMSSM where : 

       m0,  m1/2 :(common scalar and gaugino mass at GUT scale) 
      A: (common gaugino coupling at GUT scale) 
      tanβ : ratio of vev of Hu and Hd 

         sign(m): m being the higgs mixing parameter. 

      Neutralino is the LSP 

m
S

U
G

R
A 



Example of mSUGRA SUSY 



How well can LHC constrain SUSY  DM? 

How well the relic density can be predicted from LHC data ? 

Ideally one wants to match the WMAP precision ! 

The basic issues are the long (and competitive) decay chains and the 
presence of two invisible particles in the final state renders the direct 
measurement of sparticle masses through the detection of invariant 
mass peaks impossible. 

Alternative techniques have therefore been developed, based on the 
exclusive identification of long cascades of two body-decays. 

The problem is complex and has many facets. Let’s study a 
specific example in the CMSSM: 
G. Polesello and D. R. Tovey, Constraining SUSY Dark Matter with the ATLAS Detector at 
the LHC, JHEP 0405 (2004) 071 [arXiv:hep-ph/0403047]. 



Cascade of successive two body decays 

CQBQPA    Q and P are visible A is invisible 

mpq has a maximum and a minimum depending on cosθ

The endpoints of the invariant mass distributions  are known functions 
of the masses of the particle involved 



One specific and case 

Assuming ml=0 



ATLAS 
100 fb-1 

m () spectrum 
end-point : 109 GeV 
exp. precision ~0.3% 

m (j)min  spectrum 
end-point: 552 GeV 
exp. precision  ~1 % 

m (±j) spectrum 
end-point: 479 GeV 
exp. precision  ~1 % 

Lq~ → q χ0
2 
R
~


 χ0
1 

 

m (j)max  spectrum 
threshold: 272 GeV 
exp. precision  ~2 % 

 Example of 
a typical chain: 

GeV 121 157, 232, 690,)÷ ,~ ,÷ ,q~( m 12
0

R
0

L =



Precision 
~ 10% 

Δm (χ0
1) / m(χ0

1) 

Lq~ → q χ0
2 
R
~


 χ0
1 

 

 h χ0
1 

bb 
Putting all constraints together: m (bbj), m(), m(j)max,  m(j)min, m(j) 

Sparticle mass  Expected precision 100 fb-1 

  squark  left              ±  3%  
  χ0

2                            ±  6% 
  slepton mass             ±  9% 
   χ0

1                           ± 12% 

•  In general, long  decay chains give multiple constraints on masses through  
  kinematic distributions 
•  A large amount of information will be available in the data (only partially exploited here) 
•  Interpretation (e.g. squark left is source of χ0

2    and not squark right) is model dependent 
•  For dark matter, it is important to measure also the LSP couplings 

Note : these errors are larger than  from fit 
in mSUGRA, but here ~ no assumptions about 
model (constraints just from kinematics 
distributions).  



Fitting the measurements in CMSSM 
The information in the experimentally measured spectra (more than 
those shown in the previous transparency) are fitted assuming the 
validity of CMSSM.  

This introduces a MODEL DEPENDENCE that is not experimentally 
justified.  

Once the 5 parameters 
of CMSSM are fitted the 
relic density can be 
computed from the 
calculated masses and 
couplings. They obtain 
a precision of 3% on 
the relic density. 



Conclusions on the possibility that LHC 
measures mass and annihilation x-section 

of the Neutralino 
Let’s assume that SUSY exists and that a missing energy excess is seen at 
LHC. The relic density of neutralinos can be calculated if one measures the 
neutralino mass and its annihilation rate. 

These measurements are complex. The studies done so far show that the 
proposed techniques  have some experimental limitations  and that one has to 
bargain between model dependence and precision. 

In addition there are region of the SUSY parameter space where the 
information is limited ( eg: some sparticles are too heavy). 


