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Lecture Plan 
•  Introduction 

 - The LHC startup as seen from the experiments 
•  The experimental challenges at the LHC 

– The experimental solutions 
•  The “general purpose” experiments 

– The CMS experiment 
– The ATLAS experiment 

•  First performance results of ATLAS/CMS 
•  A tour on the other experiments and their performance 
•  First physics with the LHC experiments 

– QCD, B-physics 
– EWK/Searches and the outlook  



•  Studies of general characteristics of “minimum bias” 
events (our future pile-up) 

•  Study of the underlying event in xxxxxxx collisions 
with a hard scattering 

•  Resonances/known particles 
•  Jet physics & QCD 
•  B-physics/charm physics 
•  W,Z boson production at 7 TeV 
•  Top quarks at 7 TeV  
•  Searches for new physics 
•  …   
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Underlying event 

Physics Results obtained so far: 



  4  

First Data: Study of the Strong Force 
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First Collisions at 7 TeV!

What are the characteristics of events at 7 TeV 
Number of particles? Correlations between particles? Jets? Heavy flavors? 



Event Types 
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…Not always easy to classify individual events  

We have models 
in terms of  
Monte Carlo  
programs to  
compare to data 
-PYTHIA 
-PHOJET 
-HERWIG 
-MadGraph 
-ALPGEN 
- … 

-Elastic 
-Single diffraction 
-Double diffraction 
-Non-diffraction 



 pseudo-rapidity density of charged  hadrons at √s = 7 TeV 

Minimum bias events     Non-Single Diffractive event selection 

Rise of dN/dη in data stronger than currently used models 

Phys. Rev. Lett. : 105 (2010) 
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Charged Particles!



Multiplicity Distributions 
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Charged particle 
multiplicity of the events 

 Minimum Bias event 
selection 
Unfolded charged 
particle 
 multiplicity distributions 
 (down to pT = 0 GeV/c) 
<pT> versus multiplicity 



Comparison of the Experiments 
• ATLAS selectes minimum bias events without separating 
diffractive components 
• Least Model dependend but hard to compare with 
other data as the measurement depends on the 
choosen phase space 

• Favoured by MC builders  
• ALICE & CMS exclude single diffraction, which has a 
model dependence (in practice it is not large) 
• Favoured by model phenomenologists  

• Future: we will release the measurements with both 
methods 
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Charged Particles 
PT spectra   & comparison with models 
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 Momentum spectra 

CMS does not see a deviation from the power law scaling… (cfr CDF) 
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Resonances 
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Strangeness Production 
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Particle Production 

Particle identification in ALICE 
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Particle Production 
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Particle Production 
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Particle Production 



Photon spectra 
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Particle/anti-particle ratios 
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Particle/anti-particle ratios 
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Particle/anti-particle ratios 
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Particle/anti-particle ratios 



Forward Energy Flow 
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MinBias event selection        Energy flow at different CM energies 

Ratio of the energy flow at 
 different energies 

Similar rise with collision energy  
as seen in dN/dη analysis  



The Diffractive Component 
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Diffraction in the data 
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Bose Einstein Correlations 
Correlations between two identical bosons (pions) √s = 0.9 and 2.36 TeV 

Multiplicity dependence 

   Q2=-(p1-p2)2 

MinBias events 
Use 7 reference 
 samples 
Combination of 
 all ref. samples  
√s = 0.9 TeV  
√s = 2.36 TeV 

Phys. Rev. Lett. 105 (2010) 032001  29 
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Correlations 
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Particle Correlations 
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Particle Correlations 
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Two Particle Correlations 
Two particle angular correlations 
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Two Particle Correlations 



Two Particle Correlations 
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Two particle angular correlations 

Effective cluster size 
PYTHIA 

CMS DATA 

Short range correlations  
Cluster size not described by eg PYTHIA  



…and correlations can be interesting   

Collisions at 7 TeV with very high  
charged particle  multiplicity  (> 100) 
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Two Particle Correlations 
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Two Particle Correlations 
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Correlations in Heavy Ion Collisions 

Simularity with the effect now seen in pp  
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Two Particle Correlations 

The origine of this correltion is presently not known 
Does it have to do with hot dense matter?  
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Theory Response.. 

..and a few more 
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What do the other experiments say?  
Quick analysis of ALICE 

Not conclusive yet 



Underlying Event Studies 

MinBias event selection, with additional requirement of a ‘hard’ scattering 
  via a track jet with pT > 3 GeV 
Study the particle density and scalar pT sum in the transverse region, for   
 particles with |η| < 2 and pT > 0.5 GeV  (uncorrected data) 

Model Comparison: DW = Standard Tune   CW = New Tune (pT0= 1.8 GeV, ε= 0.3) 

More food for MC model tuning… 

Underlying event activity at  √s = 0.9 
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MinBias event selection                  Analysis of the 7 TeV data 

Also: Jet Area/Median Approach Analysis 

Underlying event activity increases with factor ~2 at 7 TeV  
Significant increase of multi-parton interactions?   

7 TeV 7 TeV 

900 GeV 900 GeV 

Underlying Event Studies 
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Underlying Event Studies 
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Underlying Event Studies 
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 Event Shapes 
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Event Shape 
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Can be used to test models for  
New Physics: eg excited quarks. 
LHC has already best world limits   

Jets! 

Candidate Multi Jet Event   

M(q*)>1.26 TeV 

LHC starts already to probe a new regime eg with jets 



Inclusive Jet Cross Sections 
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Di-jet events 



Di-jet Cross Sections 
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Jet Cross Sections 

Anti-KT jet algorithm with R=0.5 



Jet Multiplicity 
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Data are more or less as expected, but still large experimental errors… 

How many jets do we have per event?  
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Jet Shapes/Structure 
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Jet Shapes/Structure 



More Di-jet Studies 
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Minijets with a jet veto 
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Azimuthal Decorrelations 
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Azimuthal Decorrelations 
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3 to 2 jet ratios 
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b-jet Cross Sections 
Special jets: Jets containing a b quark 
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b-Production Cross Sections b-Production Cross Sections 
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b-tagging in LHCb 
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B Meson Measurements 
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b quark production Cross Sections 
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Charm Measurements 
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Charm Measurements 
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Charm Measurements 



Experiments at the LHC (part III) 



TOTEM and LHCf 

Experiments at the LHC for special QCD 
measurements 



A Few Smaller Experiments: TOTEM & LHCf 

LHCf:   measurement of  
photons and neutral pions  
in the very forward region  
of LHC 

Add a EM calorimeter at 
140 m from the Interaction 
Point (of ATLAS) 

TOTEM: measuring the total, elastic and  
diffractive cross sections 
Add Roman pots (and inelastic telescope) 
to CMS interaction regions (200 m from IP) 
Common runs with CMS planned 

Connection with 
cosmic rays 

TOTal and Elastic cross  
section Measurement 
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3<|η|<7 
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Roman Pot Detector Experimental Aspects of Elastic Scattering 
pp→pp: Scattered proton detected in 
Roman Pot telescope 

Measure x,y position in the  
roman pot detectors 

Position the Pots at locations of 
“parallel to point” focussing 

Use special optics with a large 
value of the accelerator β function 
(weak focusing, here β* = 1100 m 
and beam angular spread ~ 0.67µrad) 

Roman Pot can be lowered to “15 
sigma” from beam (ie 15 times the 
beam size) 

Resolution: 

15σ 
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TOTEM: Total cross sections 
Aim: ~1-2 mb precision 

The measurement of σtot 
Historical: CERN tradition (PS-ISR-
SPS) 
Current model predictions 95-130 mb 
at the LHC 
Some extreme models give higher 
values  
(like 200 mb!!) 

How to measure σtot ? 
(naively..) Well, just count the events…  

Fit: log(s)γ 

γ = 2 → σtot @LHC = 110 mb  
γ = 1 → σtot @LHC =   95 mb 
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TOTEM: Total and Elastic Cross Sections 

Use elastic scattering  
(t→0) and 
total inelastic rate 

Aim of TOTEM try to measure σtot with 
~1-2% accuracy   
(~5% at startup with preliminary optics) 
σtot can then be used for an absolute  
calibration of the luminosity  

Here is a catch!  σtot = # events/ luminosity 
How to measure luminosity? Precision? (5-10% estimated)  

Get σtot from Luminosity independent method 

Here ρ = ratio of the real to imaginary 
part of the forward scattering amplitude 
Measurement difficult at LHC 
But impact on precision small 



TOTEM in Operation 
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First elastic and DPM collisions 

T2  Detectors 
Detectors 
approach the 
beam by ~ 20σ 



TOTEM Operation 
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High Energy Cosmic Rays 

Interpreting cosmic ray data depends 
on hadronic simulation programs 
Forward region poorly know/constrained 
Models differ by factor 2 or more 
Need forward particle/energy measurements 
  e.g.  dE/dη… 

Cosmic ray 
showers: 
Dynamics of the 
high energy  
particle spectrum 
is crucial 



  80  

Connection to Cosmic Rays 

Tevatron 

LHC 

“Knee” 

“Ankle” 

Energy of 
incident  
particles in 
cosmic rays 



LHCf: an LHC exp. for Astroparticle Physics 
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LHCf: an LHC exp. for Astroparticle Physics 
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Model Predictions: proton-proton at the LHC  

Predictions in the forward region within the CMS/TOTEM acceptance 
Large differences between models 



Expectations from MC studies 
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900 GeV Data Analysis  



• QCD results are the first measurements from 
the LHC. All experiments are contributing  

•  For ATLAS and CMS these are also crucial 
measurements to prepare for the searches 

•  So far the measurements agree with the QCD 
predictions based on lower energy data and 
theory within ~20% 

• More precision with the next luminosity phase 
•  Some items to be understood, eg the ridge in 

particle correlations; a new effect  
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Summary of Lecture I: QCD 
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END 


