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““ ……was die Welt was die Welt 
imim InnerstenInnersten

zusammenhzusammenhäältlt …”…”
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Particle physicsParticle physics
Standard Model: status

(still!) very successful
one missing piece: Higgs boson

some of the open issues
why 3 families?
why hierarchy of masses?
origin of mass?
unification of forces?
inclusion of gravity?
candidate(s) for dark matter?
quantum theory of gravity?
…
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Physics goals at LHCPhysics goals at LHC
experimental clarification of mechanism 
for electroweak symmetry breaking

SM Higgs boson search:
full mass range from ~ 114 GeV to 1 TeV

direct search for new physics beyond SM
conceptually predicted for TeV scale
many models/ideas/concepts on the 
market

precision measurements (indirect search)
top quark properties, W mass, 
gauge boson self couplings, …

further topics (not addressed here)
B-hadron physics, forward physics, heavy ion physics, …

early on: verify understanding of 
properties of proton-proton interactions

understanding of QCD processes 
mandatory for all possible discoveries
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LHCLHC
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A short comment on timescaleA short comment on timescale
LHC: first appeared >26 years ago!

√s = 10-18 TeV, L = 1031-1033 cm-2s-1

construction started in 1998 
1984

too optimistictoo optimistic
in 2004in 2004
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CERN accelerator complexCERN accelerator complex
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ATLAS control room: March 30ATLAS control room: March 30th th 20102010
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Luminosity above 2Luminosity above 2∗∗10103232 cmcm--22 ss--11

this fill (# 1440) continued for 11 h
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Overview of 2010 operationOverview of 2010 operation

Initial luminosity run

Nominal bunch 
intensity

Performance ramp-up
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LHC Oct. ‘10

Major achievements in 2010Major achievements in 2010
firstly: solid operational 
experience gained

initial luminosity
including squeezing (β*= 2 m)

nominal bunch intensity
1.1∗1011 p/bunch (β*= 3.5 m)

bunch trains (150 ns spacing)
need to introduce crossing angle

luminosity > 2∗1032cm-2s-1

twice the goal for 2010
average: 3.8 events/crossing

stored energy: 28 MJ
24 MJ in collisions (~ 6 kg TNT)

number of bunches: 368
maximum of 348 in collisions

machine availability: ~65%
~16% in stable beams
longest time in stable beams 
during one fill:  30 h
fastest turn-around to stable 
beam:   3.7 h
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Luminosity achievementsLuminosity achievements

Lmax = 2.1∗1032 cm-2 s-1
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ATLASATLAS
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A A ToroidalToroidal LhcLhc ApparatuSApparatuS (ATLAS)(ATLAS)
The ATLAS Collaboration, G. Aad et al., 
The ATLAS Experiment at the CERN Large Hadron Collider, 
JINST 3 (2008) S08003.
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ATLAS detector operation 2010ATLAS detector operation 2010

very high operational fractions for all systems
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Detector operation / data qualityDetector operation / data quality
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Tracking and Tracking and vertexingvertexing
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Inner Detector: trackingInner Detector: tracking

track selection: ≥1 Pixel hit, ≥6 SCT hits, pT>500 MeV
good agreement between MC and data
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Material mapping: XMaterial mapping: X00 vs. vs. λλintint
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CalorimetryCalorimetry: electrons/photons: electrons/photons
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CalorimetryCalorimetry: Jets: Jets
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CalorimetryCalorimetry: missing transverse energy: missing transverse energy
calculated using topological clusters (3 dimensional)

seed: |Ecell| > 4σnoise, iteratively include neighbouring cells with |Ecell|>2σnoise
add direct neighbours of secondary cells
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no tails 
observed

results 
stable 
with time

within 
a few 
per cent
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MuonMuon spectrometerspectrometer
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Reconstruction of resonances Reconstruction of resonances 
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Resonances in lepton pairs (Resonances in lepton pairs (eeee and and μμμμ))
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Trigger (menu) evolutionTrigger (menu) evolution
Five orders of magnitude 
increase in luminosity during 
2010
Gradually commission LVL1 and 
HLT (Higher Level Triggers)

then apply HLT rejection
Evolution of HLT configuration 
during the pp run:
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Properties Properties 
of of 

inelastic inelastic 
pp pp 

collisionscollisions
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motivation
basic properties of inelastic
events uncertain at LHC energies

due to extrapolation 
need to understand precisely

will be background
(pile-up) at higher luminosity

measurement done using tracks
well defined kinematic range for inelastic events

eg. for nch ≥ 2,  |η|<2.5,  pT > 100 MeV
distributions corrected for detector effects

from track to (stable) hadron level 
single diffractive component not subtracted

Minimum bias physicsMinimum bias physics
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Minimum bias event propertiesMinimum bias event properties

charged particle multiplicity distribution vs. η
fully corrected for detector effects
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Minimum bias event propertiesMinimum bias event properties
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Underlying eventUnderlying event
definition: everything not 
associated with the hard 
scattering

measurement in transverse 
region to leading track (jet)
observables
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LuminosityLuminosity
determinationdetermination??
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Luminosity calibrationLuminosity calibration
absolute calibration 
using Van-der-Meer 
scans

with

Rx(x): count rate for separation x 
in horizontal scan

after calibration
less <2% difference between methods
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Inelastic ProtonInelastic Proton--Proton CrossProton Cross--sectionsection
MBTS trigger fired 
at least on one side

good acceptance 
for mass MX of the 
dissociative system

constrain fraction 
fD of diffractive 
events using data

fD = 0.30 assumed
M2

X/s = ξ > 10-5

corresponds to 
MX > 22 GeV
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high high 
ppTT

jetsjets
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Jet physicsJet physics
coloured partons emerge as 
narrow hadron jets

definition through algorithm 
sequential recombination 
algorithm

p = -1:  anti-kt algorithm
size parameter R = 0.4 or 0.6
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DiDi--jet event (jet event (mmjjjj = 3.7 = 3.7 TeVTeV))

1st jet:  pT = 670 GeV, η = 1.9, φ = -0.5 
2nd jet: pT = 610 GeV, η = -1.6, φ = 2.8 ET

miss =  47 GeV
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Jet shapeJet shape

jets get narrower with 
increasing pT
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Jet crossJet cross--section: correctionssection: corrections
correction of jet energy 
necessary due to 

non-compensation
energy in loss in inactive 
regions
loss due to leakage
inefficiencies

determine jet energy scale 
calibration from simulation

validate with measurement 
of single hadron response

unfolding of detector 
distribution to hadron level
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Inclusive and Inclusive and didi--jet crossjet cross--sectionsection

very good description by NLO calculation
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Production of high Production of high ppTT jetsjets

di-jet
leading jet:      pT > 60 GeV
subleading jet: pT > 30 GeV

multiplicity
all jets:   pT > 60 GeV
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DiDi--jet event (jet event (mmjjjj = 2.6 = 2.6 TeVTeV))

1st jet:  pT = 1.3 TeV, η = 0.2, φ = 2.8 
2nd jet: pT = 1.1 TeV,  η = 0.0, φ = -0.5                                         ET

miss = 42 GeV
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Dijet Dijet azimuthalazimuthal decorrelationdecorrelation
anti-kt jets (R=0.6)

two leading jets: |y|<0.8
leading jet pT

max > 110 GeV
subleading jet pT > 100 GeV
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WW
andand
Z Z 

bosonsbosons



Kolloquium, MPI München, 22. Februar 2011 Stefan Tapprogge, Johannes Gutenberg-Universität Mainz Seite 49

FlavourFlavour composition of W/Z productioncomposition of W/Z production

20% of total W/Z cross-section involves s,c,b quarks (LHC)

LHC

Tevatron
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Candidate event W Candidate event W evev
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Candidate event W Candidate event W μμvv
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Event selection for W/ZEvent selection for W/Z
single lepton selection

e:  ET > 20 GeV,  “tight” identification criteria
μ: pT > 20 GeV,  track based isolation (ΣpT

ID/pT
μ < 0.2)
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Event selection for WEvent selection for W
single lepton
cuts as 
above 
and in 
addition

ET
miss

> 25 GeV

mT >
40 GeV
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two 
oppositely 
charged 
leptons with 
pT > 20 GeV

e: “medium”
criteria

veto if ≥3 
electrons

μ: 
combined  
muons

66 GeV < mll
< 116 GeV

Event selection for ZEvent selection for Z
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CrossCross--section determinationsection determination
cuts

master formulae

acceptance for W:  AW = 45-50%
efficiencies for W: CW ~66% (e), ~76% (μ)

details for Z:

310 – 330 nb-1
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W production crossW production cross--sectionsection
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Z/Z/γγ∗∗ production crossproduction cross--sectionsection
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Z(ttZ(tt) candidate) candidate
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top top 
quarkquark
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Top pair productionTop pair production
event selection

single lepton (e,μ)
pT(lepton)> 20 GeV
ET

miss > 20 GeV
ET

miss+mT
W > 60 GeV

≥1 jet with pT>25 GeV (|η|<2.5)
dilepton

2 oppositely charged leptons 
with pT(lepton)> 20 GeV
≥2 jets with pT>20 GeV (|η|<2.5)
ee: ETmiss > 40 GeV,

|mee-mZ|> 5 GeV
μμ: ETmiss > 30 GeV, 

|mμμ-mZ|> 10 GeV
eμ: HT(e,μ,jets)>150 GeV
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Top candidate (single lepton)Top candidate (single lepton)
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Single lepton top candidatesSingle lepton top candidates
acceptance∗BR:  about 3%
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Top candidate (Top candidate (dileptondilepton))

2 b-tagged jets
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DileptonDilepton top candidatestop candidates
acceptance

ee:  ~ 15%
μμ:  ~ 23%
eμ:  ~ 25%
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Top pair production crossTop pair production cross--sectionsection

combination 
of single 
lepton and 
of dilepton
channels
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SMSM
HiggsHiggs
BosonBoson
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First limit on SM Higgs crossFirst limit on SM Higgs cross--sectionsection
using the H WW(*) channel

consider separately: H+0jet, H+1jet and H+2 jets
common selection

=2 leptons with
pT>20/15 GeV

veto Z and Υ
candidates

ET
miss > 30 GeV

topological
criteria
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On the way to Terra Incognita On the way to Terra Incognita ……
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Search in Lepton + Missing ESearch in Lepton + Missing ETT final statesfinal states
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CDF exclusion: M(W’)<1.12 TeV (5.3 fb-1)
event selection

high pT lepton: pT>25 GeV
with isolation criteria

ETmiss > 25 GeV
for e: ETmiss > 0.6 ET(e)

exclusion limits (95% C.L.)
W’: M < 1.49 TeV
W*: M < 1.47 TeV



Kolloquium, MPI München, 22. Februar 2011 Stefan Tapprogge, Johannes Gutenberg-Universität Mainz Seite 71

Resonance search in Resonance search in dijetdijet final statesfinal states
Tevatron limit on excited quarks: 

m(q*) from 260 to 870 GeV excluded (1.13 fb-1 - CDF)

exclusion: m(q*) from 0.6 to 2.15 TeV at 95% C.L. 
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NonNon--resonant search in resonant search in dijetdijet final statesfinal states
Tevatron limit on contact interactions

Λ > 2.8 – 3.1 TeV at 95% C.L. (0.7 fb-1 - D0)

exclusion of contact interactions with Λ < 3.4 TeV
at 95% C.L.
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Search for Search for SupersymmetrySupersymmetry
selection

=1 lepton
pT>20 GeV

≥3 jets
anti-kT R=0.4
pT

lead>60 GeV
pT

sublead>30 GeV
ET

miss>125 GeV
mT > 100 GeV
Δφ(jet,ET

miss)>0.2
ET

miss>0.25 meff

meff>500 GeV

mT =

meff = pT(l)+pT(jets)+ETmiss
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exclusion mgluino < 700 GeV
at 95% C.L.

assuming msquark = mgluino
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Conclusions and outlookConclusions and outlook
long way from conception and construction of LHC, ATLAS (and …) 

energy frontier is really back in Europe: 
pp collisions     at   √s   = 7 TeV recorded for several months (~ 45 pb-1)
PbPb collisions at √sNN = 2.76 TeV recorded for several weeks (~ 10 μb-1) 

ATLAS is functioning well
very good performance achieved already now

investment in commissioning with cosmic muons / detailed simulation studies

rediscovery of SM in full swing
measurements of event properties and cross-sections
only some results based on the full 2010 data set

more to emerge in the next weeks
no sign (yet) of new physics

several cases where sensitivity already well beyond Tevatron reach
several competitive limits published

again: only some results based on the full 2010 data set

goal for 2011: 1 fb-1 (or more)   Nature might be kind to us …
instantaneous luminosity up to O(1033) cm-2 s-1

more bunches, more protons per bunch, stronger squeezing
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…… from the weekendfrom the weekend

LHC has 
started 
to operate 
again in 2011


