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Outline of this courseOutline of this course

➢ 10.10 - Introduction: accelerator, detectors, basic info
➢ 17.10 – soft QCD
➢ 24.10 – hard QCD 
   7.11 - W, Z bosons: inclus. cross-sections, W/Z+jets  
 14.11 – W, Z bosons:precise  measurements
➢ 21.11 – Top: xsection, mass 
➢ 28.11 – Dibosons and anomalous couplings
➢ 5.12, 12.12 - - Higgs Higgs 
➢ 19.12 – SUSYSUSY
➢     9.1 – other searches for New Physics 9.1 – other searches for New Physics 
➢ 16.1 - B-physics programme16.1 - B-physics programme
➢ 23.1 – heavy ion programme23.1 – heavy ion programme
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LHC at CERN laboratoryLHC at CERN laboratory

CERN: the world’s largest particle physics laboratory 
• international organisation created in  1953/1954, initial  membership: 12 countries
• Poland is a member starting from  year 1991
• About 10 000 active physicists, computing scientists, engineers

situated between 
Jura mountains and Geneva
(France/Swiss)  

http://public.web.cern.ch
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Accelerator complexAccelerator complex

 Accelerator complex is a succession of particle 
accelerators that can reach increasingly higher energies. 
Each boosts the speed of beam of particles before injecting it 
into the next one in the sequence 

 Protons are obtained by removing electrons from hydrogen 
atoms. They are injected from the linear accelerator 
(LINAC2) into the PS Booster, then the Proton 
Synchrotron (PS), followed by the Super Proton 
Synchrotron (SPS), before finally reaching the Large 
Hadron Collider (LHC). Protons will circulate in the LHC for 
20 minutes before reaching the maximum speed and energy.

 Lead ions for the LHC start from a source of vaporised lead 
and enter LINAC3 before being collected and accelerated in 
the Low Energy Ion Ring (LEIR). Then they follow the 
same route to maximum acceleration as the protons.
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Accelerator complexAccelerator complex

2007 (27km)

1976 (7km)

1972 (157m)

2005 (178m)

1959 (628m)
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ExperimentsExperiments

 At the lowest energies, the Proton-Synchrotron Booster 
supplies beam to ISOLDE, a unique source of radioactive 
isotopes for experiments with applications that range from 
astrophysics to industry and medicine.

 The Proton Synchrotron (PS) delivers higher energy 
protons to two contrasting experiments. DIRAC is testing 
ideas about the strong fundamental force, while CLOUD is 
finding out how natural high-energy particles might influence 
the formation of clouds. The PS also provides the protons that 
create the antiprotons for the Antiproton Decelerator (AD), 
where physicists are learning more about antimatter in the 
ALPHA, ASACUSA and ATRAP experiments. The ACE 
experiment also uses antiprotons, in this case to assess their 
suitability for cancer therapy. 
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ExperimentsExperiments

 The next largest accelerator is the Super Proton 
Synchrotron (SPS), where COMPASS focuses on 
investigating hadrons - particles made of quarks, 
including the nucleons (protons and neutrons) of ordinary 
matter. NA61/SHINE is studying properties of the 
production of hadrons. NA62 uses protons from the SPS 
to study rare kaon decays.

 The Large Hadron Collider (LHC), CERN’s most 
powerful accelerator, hosts six experiments designed to 
find out how the particles of matter behave at a new high 
energy frontier.

 There is also one experiment that uses none of the beams 
from CERN. CAST looks at the Sun for hypothesised 
particles called ‘axions’. 
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LHC experimentsLHC experiments

 Six experiments at the LHC,  all run by international 
collaborations.
 The two large experiments, ATLAS and CMS, are based on 

general-purpose detectors, designed to investigate the largest 
range of physics possible. Having two independently designed 
detectors is vital for cross-confirmation of any new discoveries 
made.

 Two medium-size experiments, ALICE and LHCb, have 
specialised detectors for analysing the LHC collisions in relation 
to specific phenomena.

 Two further experiments, TOTEM and LHCf, are much smaller in 
size. They are designed to focus on "forward particles" (protons 
or heavy ions). The detectors used by the TOTEM experiment 
are positioned near the CMS detector, whereas those used by 
LHCf are near the ATLAS detector.
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ATLAS CollaborationATLAS Collaboration

 Over 3000 collaborators from 174 Institutes and 
38 countries. 
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General purpose detectorsGeneral purpose detectors
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ATLAS DetectorATLAS Detector
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ATLAS DetectorATLAS Detector
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Energy and momentum resolutionEnergy and momentum resolution

Tracking
Calorimetry:
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Kinematical constraintsKinematical constraints
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LuminosityLuminosity
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Units of cross-sectionUnits of cross-section

 Originally introduced to express areas of nuclei and 
nuclear reactions.

 “inverse femtobarn (fb-1)”: is a 
measurement of particle collision 
events per femtobarn of target cross-
section (area) and is conventional 
unit for integrated luminosity

 “integrated luminosity: an indication 
of particle collider productivity 

       eg. Tevatron: 1fb-1  in 4 years

              ATLAS:    5 fb-1 in 2011
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Typical pp collision Typical pp collision 
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Calculating a cross-section Calculating a cross-section 

 Cross-section is convolution of pdf's and matrix element

 Calculations are done in 
perturbative QCD
 Possible thanks to factorisation 

of hard ME and pdf's
 Can be treated 

independently 

 Strong couplings (s) is large

 Higher orders needed
 Calculations complicated 
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The proton compositionThe proton composition

 It's complicated:
 Valence quarks, gluons, sea 

quarks

 Exact mixture depends on:
 Q2: ~ (M2+pT

2)

 Bjorked-x: fraction of momentum 
caried by a parton
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Parton kinematicsParton kinematics

 Examples:
Higgs: M~100 GeV

 LHC: <xp> = 100/7000 ~ 0.014

Gluino: M ~ 1TeV
 LHC: <xp> = 1000/7000 ~ 0.14

 Partons densities rise dramatically towards low x
 Larger cross-sections at LHC than in previous 

experiments (Tevatron).
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Cross-sections at LHCCross-sections at LHC

 A lot more “uninteresting” 
than “interesting” processes 
at design luminosity             
(L = 1034cm-2s-1)

 Any event:              109/sec

 W boson:               150/sec

 Top quark:                 8/sec

 Higgs (125GeV):     0.2/sec

 Interesting events gets 
selected: 
I. trigger (decision!)

II. physics analysis (selection)
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Every event is complicatedEvery event is complicated

Even >30 with present 
operation conditions
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Particle identicationParticle identication
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Inner DetectorInner Detector
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Inner DetectorInner Detector
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Transition Radiation TrackerTransition Radiation Tracker
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Inner DetectorInner Detector
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Barrel Electromagnetic CalorimeterBarrel Electromagnetic Calorimeter
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Hadronic and EM calorimetersHadronic and EM calorimeters

50 GeV showers of 
electron (left) 
and pion (right) in iron
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Measuring electrons and photonsMeasuring electrons and photons
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Last three years .............Last three years .............

 Years of constructions and test beams: prototypes or parts of 
detectors tested at SPS beamline

 September 2008 – first beam, first collisions, few first days 
of collecting data

 After few days accident with accelerator .... long months of 
repair

 Restarting fall in 2009:  first collisions with sqrt(s) = 900 GeV
 Long run in 2010: 36pb-1 / experiment, sqrt(s) = 7 TeV
 Long run in 2011: 5fb-1/experiment, sqrt(s) = 7 TeV
 Ongoing run in 2012: 13fb-1 /experiment so far

  Ongoing run  till Xmass, sqrt(s) = 8 TeV
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September 2008September 2008
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Beam bunches (2x109 protons at 450 GeV) stopped by (closed) 
collimators upstream of experiments →  
“splash” events in the detectors (debris are mainly muons)

First ATLAS 
beam splash 
event, recorded
10 September 
10:19 am

tertiary
collimators

140 m
Beam pick-ups (BPTX) 
       (175 m)

~ 100 TeV in 
the detector !
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LHC damagesLHC damages
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Cosmic Muons in ATLAS (2009)

37

z 
(cm)

x (cm)

ATLAS  ATLAS  
shaftsshafts

Muon impact points 
extrapolated

to surface as measured by 
Muon Trigger chambers 

(RPC)

(Calorimeter trigger also 
available)

Simulated cosmics 
flux 
in the ATLAS cavern

Real Cosmic Event

Rate ~100 m below ground:
 ~ O(15 Hz) crossing Inner Detector

10 ms
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S.MyersS.Myers
CERN November 2009CERN November 2009



Lectures on LHC physics Elzbieta Richter-Was 40



Lectures on LHC physics Elzbieta Richter-Was 41



Lectures on LHC physics Elzbieta Richter-Was 42

Status for first collisionStatus for first collision
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Lumi recorded with 900 GeV and 2.36 TeVLumi recorded with 900 GeV and 2.36 TeV



Lectures on LHC physics Elzbieta Richter-Was 45
45

arXiv:1005.5254 ; 
CERN-PH-EP-2010-015
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TrackingTracking
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Particle identification in Inner DetectorParticle identification in Inner Detector

p

K

π

180k tracks

Pixels

Transition Radiation Tracker

Transition radiation intensity
 is proportional to particle
 relativistic factor γ=E/mc2.
 Onset for γ ~ 10
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pT (track) > 100 MeV
MC signal and background normalized independently 

K0
S

Λ
L



Lectures on LHC physics Elzbieta Richter-Was 49

Identifying KaonsIdentifying Kaons

 Charge particles with 200 < pT < 800 MeV with 
dE/dx tag.

 Mass in agreement with PDG value.
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e+

e-
γ conversion point
R ~ 30 cm (1st SCT layer)   

pT (e+) = 1.75 GeV, 11 TRT high-threshold hits
pT (e-) = 0.79 GeV, 3 TRT high-threshold hits

    γ→γ→ e e++ee-- conversions conversions
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e+

e-
γ conversion point
R ~ 30 cm (1st SCT layer)   

pT (e+) = 1.75 GeV, 11 TRT high-threshold hits
pT (e-) = 0.79 GeV, 3 TRT high-threshold hits

  γ→γ→ e+e- conversions e+e- conversions
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■ 2 photon candidates with ET (γ)  >  300 MeV

■ ET (γγ) > 900 MeV

■ Shower shapes compatible with photons
■ No corrections for upstream material

Data and MC normalised 
to the same area

Note: soft photons are 
challenging because of 
material in front of 
EM calorimeter
(cryostat, coil): 
~ 2.5 X0 at η=0

ππ00→γγ→γγ
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Jet1:  ET  (EM scale)~ 16 GeV
Jet2:  ET (EM scale) ~ 6 GeV

√s=2.36 TeV √s=2.36 TeV

Jet1:  ET  (EM scale)~ 15 GeV
Jet2:  ET (EM scale) ~ 12.5 GeV

√s=900 GeV

Jet1:  ET  (EM scale)~ 37 GeV
Jet2:  ET (EM scale) ~ 37 GeV

  Jets
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Uncalibrated EM scale
Monte Carlo normalized to number of jets or events in data 

events with
2 jets pT> 7 GeV



Lectures on LHC physics Elzbieta Richter-Was 55
55

■ 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)

METy

METx / METy indicate x/y 
components of missing ET vector

METx

Missing transverse energyMissing transverse energy
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■ 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)

METy

METx / METy indicate x/y 
components of missing ET vector

METx

Missing transverse energyMissing transverse energy

METx
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MuonsMuons



Lectures on LHC physics Elzbieta Richter-Was 58

Muon detectorMuon detector
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SummarySummary
  

 Based on the 2009 datasets ATLAS has published 
 XX conference notes (winter conferences)
 Performance paper: 

 arXiv:1005.5254 ; CERN-PH-EP-2010-015
 Physics paper: “Charged-particle multiplicities 

in pp interactions at s  = 900 GeV measured with 
the ATLAS detector at the LHC” 
 arXiv:1003.3124; CERN-PH-EP-2010-004
    Phys. Lett. B 688 (2010) 21-42

   Then...more data and publications came 
very quickly... 
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Next topicsNext topics

➢ 17.10 – soft QCD
➢ 24.10 – hard QCD 
   7.11 - W, Z bosons: inclus. cross-sections, 

W/Z+jets  
 14.11 – W, Z bosons:precise  measurements
➢ 21.11 – Top: xsection, mass 
➢ 28.11 – Dibosons and anomalous couplings
➢ 5.12, 12.12 - - Higgs Higgs 
➢ 19.12 – SUSYSUSY
➢     9.1 – other searches for New Physics 9.1 – other searches for New Physics 
➢ 16.1 - B-physics programme16.1 - B-physics programme
➢ 23.1 – heavy ion programme23.1 – heavy ion programme
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