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Cargese Summerschool 

The road to discovery at the LHC 

Filip Moortgat (ETH Zurich) 

The case of CMS 

or ? 
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Disclaimer 
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This presentation contains many slides that I have shamelessly stolen 
from my CMS colleagues. Many thanks to all! 
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Road to discovery 
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The roadmap: 

1)  Build a powerful accelerator (energy and luminosity) 
2)  Build high performance detectors 

   2) Understand the Standard Model (QCD, W, Z, top) 

1)  Understand basic physics objects:  
             electrons, muons, jets, b’s, tau’s, MET   

Once this is done: 

So you want to discover new physics …. 

Start with: 

3) Start looking for anomalies … anywhere … 

4) Interprete signals, measure properties 
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Why LHC? 

•  LEP not enough energy for new physics 
 (limited due to synchrotron radiation) 

•  upgrade: either larger R or larger m (since                      )  

•  so: 1) keep LEP tunnel and go to protons (large m) or  
        2) go to a linear collider (large R) 

•  decided to do 1) first 
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The LHC Collider 

(8 T !!) 

p 

p 

 Goal: ECM = 14 TeV 
 40M collisions/s 
 inst. lumi: 1034 cm-2s-1 
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Motivation 
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LHC location 
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LHC energy 

[T]  0.84  [TeV] 
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Simple calculation: 

require that the magnetic field compensates  
the centrifugal acceleration: 
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Accelerator challenges 
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Theory Winter School Jan2010

LHC magnets are cooled with 
pressurized superfluid helium. 
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The LHC startup 
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First collisions at 900 GeV : 23 November 2009 
First collisions at 7 TeV : 30 March 2010 

One of the first 7 TeV collisions: 

LHC timeline:  2010-2011: 1 fb-1 collisions at Ecm= 7 TeV   
                          from 2013 onwards: collisions at Ecm~ 14 TeV  

30 March 2010 at 12:58 
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Luminosity delivered 
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Momentum measurement 
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Need high BL2 and good tracking resolution 
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General purpose expts 
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CMS design criteria 

Cargese Summerschool July 2010      Filip Moortgat 

Very good muon identification and momentum measurement
Trigger efficiently and measure sign of TeV muons dp/p < 10%

High energy resolution electromagnetic calorimetry
Energy resolution ~ 0.5% @ ET ~ 50 GeV

Powerful inner tracking systems
Momentum resolution a factor 10 better than at LEP

Hermetic calorimetry
Good missing ET resolution

(Affordable detector)

Transparency from 
the early 90ʼs
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The Compact Muon Solenoid 
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Resistive Plate Chambers (RPC) 

The CMS detector 

3.8T Superconducting Solenoid 

All Silicon Tracker  
(Pixels and Microstrips) 

Lead tungstate  
E/M Calorimeter (ECAL) 

Redundant Muon System 
(RPCs, Drift Tubes,  

Cathode Strip Chambers) 

Hermetic (|η|<5.2)  
Hadron Calorimeter (HCAL) 

[scintillators & brass] 
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Assembling 
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Trigger 
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Event selection at the LHC 

Per year, the LHC will provide about 1016 pp collisions. 

One has to find these 10 events among 1016 
non-interesting ones!! 

Searching for a needle in a hay stack? 

•  typical needle: 5 mm3 
•  typical haystack: 50 m3 

needle : haystack = 1 : 1010 

Looking for new physics at the LHC is like 
looking for a needle in 100000 haystacks … 

An observation of ~ 10 events could be a discovery of new physics.  
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CMS 
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CMS Tracker 
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Tracking 
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Tracking works 
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Ξ-→Λπ- 

Ω-→ΛK- 

PDG: 1321.71 MeV 

PDG: 1672.4 MeV 

7-June-2010 

Ks: 
σ=8.0 MeV 
(MC 7.6 MeV)

Λ: 
σ=3.0 MeV 
(MC 3.0 MeV)
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PID with tracker 
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Material budget 
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Muon reconstruction 
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Cosmic muons 
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First muons 
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Data collected with a 
minimum bias trigger 

 compared to 
Simulation of minbias 
events; muons separated 
according to their origin: 
•  84%  from π/K decays 
•    9%  from b/c decays 
•  4.4%  from hadron 

 punch-through 

So# muons 
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J/psi 
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Mean from data = 
3.092±0.001 GeV 

PDG mass = 
3.096±0.000011 GeV 

 Data driven muon efficiency determination (tag&probe) 
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Preshower (ES) 
1.65<|η|<2.6 

Barrel (EB)  
|η|<1.48  

Endcaps (EE) 
1.48<|η|<3.0 

3.6m 

7.9 m ECAL is inside the 
CMS magnet (3.8T) 

CMS ECAL constists of 75848 PbWO4 crystals 

Outstanding energy resolution: 
   ΔΕ/Ε < 0.5 % for unconverted γ 
@ E>100 GeV (testbeam result) 

optimized by design for  
Η→γγ and H→ZZ→4e 

ECAL Barrel 

Electromagnetic calorimeter 
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ECAL energy reconstruction chain 

The energy of the shower is reco’ed in 
clusters of channels (5x5 in TB) 

•  ~80% of the scintillation light is collected in the first 25 ns 
•  dynamic range 25 MeV to 2 TeV 
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Electron reconstruction 
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Electron ID 
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ECAL commissioning 
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Electron Trigger Efficiency 
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HCAL 
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Swords to Ploughshares ! 
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Jets 
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Jet reconstruction 
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4 types: 
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Jet Energy Corrections 
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Relative corrections (eta) 
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Di-jet Pt balance: 
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Absolute scale 
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Absolute scale 
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Photon balancing: 
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Absolute scale 
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MPF method: 

 JES uncertainty: 10% 
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Jet reconstruction 
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4 types: 
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Single particle response 

Cargese Summerschool July 2010      Filip Moortgat 



47 

Particle Flow 
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The list of individual particles is then used to build jets, to 
determine the missing transverse energy, to reconstruct and 
identify taus from their decay products, to tag b jets … 
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Particle Flow jets 
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Absolute scale 
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 JES uncertainty : 5% 
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PF jet composition 
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Jet energy resolution 
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JER (2) 
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Jet Identification 
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Calo and JPT: Particle Flow: 



54 

Di-jet mass 
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Di-jet mass 
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Inclusive jet cross section 
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3/2 jet ratio 
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Hadronic Event Shapes 
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Event Shapes (2) 
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Azimuthal decorrelation 
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Azimuthal decorrelation (2) 
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MET 
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Sources of instrumental noise: 

  * readout discharge  
  * electronics noise  
  * beam halo muons 
  * cosmics, … 

Our expectations from Tevatron:  
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MET reconstruction 
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HCAL anomalies 
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“Known unknowns” 
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ECAL anomalies 
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“Unknown unknowns” 
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Beam halo muons 
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MET performance 

Cargese Summerschool July 2010      Filip Moortgat 

Min Bias: 
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Sum ET 
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Status in March/April 2010: 

6 
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SumET (2) 
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July 2010 Using PYTHIA8: 
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MET resolution 
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Fit Gaussian: 
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MET in multijets 
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MET in pile-up conditions 
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