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Presentation

I.  Introduction
II. Proton-Proton collisions
III.Differential Inclusive Jet Cross-Section 
IV. Electroweak Sector

V. The Higgs Search (this afternoon)
VI.Beyond the Standard Model

in Albert De Roeck’s lecture



Credits

• Most of the figures/plots presented here are mainly taken from the two 
physics books of ATLAS & CMS
Expected Performance of the ATLAS Experiment Detector, Trigger, Physics
CMS Physics TDR

• I was inspired by the lectures/presentations prepared by
• Beate Heinemann (CERN summer students)
• Mohamed Aharrouche (Gomel summer school 2009)
• Fabiola Gianotti
• Lucia di Ciaccio, Nathalie Besson, Marco Delmastro, Louis Fayard
• and many more
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Introduction: Fundamental Particles & Forces

• Matter
• made out of fermions

• Forces
• mediated by bosons

• Higgs boson
• breaks the electroweak symmetry 

and gives mass to fermions and 
weak gauge bosons

• All colliders experiments data are 
very well described by the 
Standard Model (SM)  but the 
Higgs boson has not been 
observed

4
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Fundamental Particles and Forces

! Matter

! is made out of fermions

! Forces

! are mediated by bosons

! Higgs boson

! breaks the electroweak

symmetry and gives mass to

fermions and weak gauge

bosons

Amazingly successful in describing precisely 

data from all collider experiments



Introduction: The Standard Model Lagrangian

5 5

The Standard Model Lagrangian

gauge sector

 ! mass sector

EWSB sector

flavour sector

… and beyond?… and beyond? supersymmetry (many variants)

extra spacetime dimensions

compositeness

strong electroweak symmetry

breaking

…

something new?!

supersymmetry (many variants)

extra spacetime dimensions

compositeness

strong electroweak symmetry

breaking

…

something new?!

!
!
!

!
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(Some) More Problems …

! Matter:

! SM cannot explain number of fermion
generations

! or their large mass hierarchy

! mtop/mup~100,000

! Gauge forces:

! electroweak and strong interactions do
not unify in SM

! SM has no concept of gravity

! What is Dark Energy?

“Supersymmetry” (SUSY) can solve

some of  these problems

                         log10 of Energy

Introduction: What is not described by SM ?

• Where is the Higgs boson?
• SM only account for 20% of the matter in the 

universe
• Only matter in the universe; where has anti-matter 

gone ?
• SM can only account for a small fraction of the 

observed CP violation (See M. Pepe’s presentation)

• Hierarchy problem
• And more

• number of fermions generations
• particles mass spectrum
• EW & strong interactions do not unify 

inside the SM
• SM has no gravity
• What is dark energy?
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Problem II: What is the Dark Matter?

Standard Model only accounts for

20% of the matter of the Universe



Hierarchy problem

• Why is gravity so weak?
• MW/MPlanck ~ 1016 or GF/GN~1032

• Free parameter m2
H

tree needs to be fine-
tuned to cancel huge corrections

• Can be solved by presence of new 
particles at M~1 TeV

79

Problem IV: Hierarchy Problem

! Why is gravity so weak?

! MW/MPlanck ~1016 or GF/GN~1032!

! Free parameter m2
H

tree needs to be

“finetuned” to cancel huge

corrections

! Can be solved by presence of

new particles at M ~1 TeV

! Already really bad for M~10 TeV

m2
H ! (200 GeV)2 = m2

H
tree + " m2

H
top + " m2

H
gauge + " m2

H
higgs

[M. Schmaltz]
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v2 = (√2⋅GF)-1 ⟹ v~246 GeV



Introduction

• LHC was invented in the 80’s to find the Higgs boson and probe the 
physics beyond the Standard Model

• CMS & ATLAS were conceived, designed & built to detect everything:
• e, μ, γ, jets
• ET

miss

and reconstruct particles such as
• W&Z, SM Higgs
• SUSY particles  (neutralino, Higgsino)
• Compositness

• But, a final state (such as a γγ pair) does not come with a label such as
• Higgs
• double bremsshtralung
• or qq➝γγ

• The work consists in identifying the particles, rejecting & measuring the 
background

8



Introduction 

• The experimental method follows the successive steps like:
• Understanding of the detector (see Peter Jenni’s presentation for ATLAS)
• Measuring simple variables and comparing them to expectations 
• Reconstructing known physics objects such as:

• e, μ, jets, ET
miss

• pairs of leptons: Z, J/ψ, ϒ
• leptons + ET

miss

• top events: leptons+jets+ ET
miss

• Looking outside the fence for new signatures
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Usual variables used to describe
events in hadrons colliders

• Transverse momentum pT is a Lorentz invariant
• Particles flowing along the beam pipe (θ<3o) have pT∼0

• Visible transverse momentum is conserved ∑ipT
i
 ∼ 0

• Very useful variable

• Longitudinal momentum and energy pZ and E
• Particles that escape detection have large pZ

• Visible pZ is not conserved
• This is not a very useful variable

• Polar angle, rapidity & pseudo-rapidity: θ, y, η
• θ is not Lorentz invariant
• y is an invariant
• η = y(M=0)
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Kinematic Constraints and Variables

! Transverse momentum, pT

! Particles that escape detection (!<3o) have pT!0

! Visible transverse momentum conserved "i pT
i!0

! Very useful variable!

! Longitudinal momentum and energy, pz and E

! Particles that escape detection have large pz

! Visible pz is not conserved

! Not a useful variable

! Polar angle !

! Polar angle ! is not Lorentz invariant

! Rapidity: y

! Pseudorapidity: "

For M=0

pT

pz

p
!
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Usual variables used to describe
events in hadrons colliders

• Cone ΔR
• Solid angle often used to define a region around a particle (or a jet of 

particle) direction
• Jet reconstruction
• Isolation around leptons, photons,…….

• ET
miss

 

• Important variable: measures the transverse momentum carried by neutrinos 
(or any non interacting particle)

• Very sensitive to noise in the detector
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TopoClusters with E < 4 GeV. This sensitivity highlights the importance of a good modeling of the noise
level from first data.

In Z → νν̄ events simulated with electronics noise, the /ET resolution degrades by only 3 % for
the 4/2/0 configuration as compared to the same events without noise added. Also, the TopoCluster
algorithm performs better in terms of linearity and resolution of the /ET measurement, compared to the
standard noise suppression method. Therefore Cell- and Object-based /ET algorithms apply the noise
suppression method based on TopoClusters with configuration 4/2/0.

2.2 Cell-based /ET reconstruction

The Cell-based /ET reconstruction includes contributions from transverse energy deposits in the calorime-
ters, corrections for energy loss in the cryostat and measured muons:

/EFinal
x,y = /ECalo

x,y + /ECryo
x,y + /EMuon

x,y . (1)

In the following, the three terms in the above equation, referred to as calorimeter, cryostat and muon
terms, are described in some detail.

2.2.1 The /ET calorimeter term

As described in the previous section, the first step is to select calorimeter cells that belong to reconstructed
TopoClusters to minimize the impact of noise.

The x and y components of the calorimeter /ET term are calculated from the transverse energies
measured in TopoCells:

/ECalo
x,y =− ∑

TopoCells
Ex,y. (2)

The total transverse energy in the calorimeters, Σ/ET, is calculated from the scalar sum of ET of all
TopoCells:

Σ/ET
Calo = ∑

TopoCells
ET. (3)

The straightforward result, 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 (see Section 3).
This result illustrates the necessity of developing a dedicated calibration scheme to reduce the sys-

tematic 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 [3] utilize the energy density in a cell. Electromagnetic showers tend
to have higher energy densities as compared to hadronic showers. The ‘Local-Hadronic’ calibration
scheme uses further information related to shape and depth of the calorimetric shower to classify a
TopoCluster. 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. As can be seen in the performance
section, this already gives a very good /ET performance. The final refinement step of the calibration using
the association of cells with reconstructed objects is described in Section 2.2.4. It improves the linearity
and the resolution particularly for events containing electrons (Section 3).

3

JETS AND MISSING ET – MEASUREMENT OF MISSING TRANSVERSE ENERGY
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Collider luminosity ℒ

• Luminosity is given by the beam optics:

• Nevents = ℒ × σ 
• Experiments count the number of events
• ℒ has to be known to be able to measure cross sections

• At first, use ℒ provided by LHC (±10%)
• Dedicated detectors, measuring events from known cross-section will be used, will 

ultimately provide a measurement of the luminosity to ±2-3%

12

1.1. LHC (LARGE HADRON COLLIDER) 5

Circumference 26.7 km
Injection energy 450 GeV

Beam energy 7 TeV
Magnetic field of a dipole 8.4 Tesla

Nominal luminosity 1034cm−2s−1

Luminosity life-time 10 h
Beam life-time 22 h

Number of bunches 2808
Number of particles per bunch 1.15 × 1011

Time interval between two bunches 25ns
Space interval between two bunches 7.5 m

Bunch length 7.55 cm
Transverse beam size at the interaction point 16.7 µm

Table 1.1: Main LHC characteristics at high luminosity period.

ii. PSB(Booster): an acceleration up to 1 GeV

iii. PS: an acceleration up to 26 GeV

iv. SPS: an acceleration up to 450 GeV

v. LHC: an acceleration up to 7 TeV

The number of produced events is given by the equation:

Nevent = σevent · L (1.1)

where σevent is the cross section of the event and L the luminosity of LHC, a quantity that
only depends on the beam parameters and is defined as follows [10]:

L =
N2

b nbfrevγr

4πεnβ∗
F (1.2)

where:

• Nb : the number of particles per bunch (∼ 1011 for high luminosity, ∼ 1010 for low
luminosity).

• nb : the number of bunches per beam (2808).

• frev : the revolution frequency (40 MHz).

• γr : the relativistic gamma factor.

• εn : the normalised transverse beam emittance (3.75).

• β∗ : the beta function at the collision point (0.55 m).



The road
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√s~7 TeV

√s=14 TeV

10 evts/pb

100 evts/pb

1000 evts/pb

time

Initial detector & trigger synchronization,  
commissioning, calibration & alignment, material

Rediscover SM processes 

Understand SUSY and Higgs background from SM

More accurate alignment & EM/Jet/ETmiss calibration

Early discoveries

Higgs discovery sensitivity (MH=130~500 GeV)

Explore SUSY & NP to m ~ TeV 

SM Precision measurements

Cosmic muons - calibration



12m 18m

Extrapolation to the surface of cosmic muon tracks reconstructed by RPC trigger chambersCosmic muons in ATLAS & CMS
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September 2008 Manuella G. Vincter 4

LAr
Tile

Muon

!"##$%%$"&$&'()*&%

In-situ detector commissioning since 2005

! System-specific stand-alone calibration runs

! Noise measurements

! Calibration pulses

! Stand-alone cosmics runs

! Combined cosmics runs

! Trigger at Level 1 with:

! Calorimeters (LAr&Tile) 

! Muon system (RPC&TGC)

! Minimum bias scintillators

! Detector subsystems have joined 
combined runs as they came online

35

Cosmic Muon Data

Experiments are currently

preparing for LHC data taking

- analysis of cosmic muon data
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Shower shape variables for electron candidates compared to simulation

9
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Detector performance

• Detector commissioning is prior to any analysis; ATLAS & CMS have been 
running since installed (2006-2008) and have mainly collected cosmic 
muons 

• Check detector readout & reconstruction software
• Adjust timing alignment
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Colliders
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14

Why a Hadron Collider?

! Disadvantages:
! Hadrons are complex objects

! High multiplicity of other stuff

! Energy and type of colliding parton (quark, gluon) unknown

! Kinematics of events not fully constrained

! Advantage:
! Can access higher energies

Hadron collider
(collision of ~50 point-like particles)

[Karl Jakobs]

Lepton Collider
(collision of two point-like particles)



J. Virdee



From cosmic muons to collisions: LHC

• With nominal parameters: LHC is a factor ~1000 more powerful than Tevatron
• Energy: ELHC = 7⋅ETevatron

• Luminosity: LLHC = 3-30⋅LTevatron

• Physics cross sections factor 10-1000 larger

• First collision expected by end of the year
• √s = 900 GeV & 7 TeV

19

LHC design LHC 2009-2010 Tevatron

√s

Number of bunches

Bunch spacing

Energy stored in beam

Peak Luminosity

∫ℒ⋅dt- one year

14 TeV ~ 7-10 TeV 1.96 TeV

2808 40-400 36

25 ns 50 ns 396 ns

360 MJ 1 MJ

1033-1034 cm-2s-1 1028-1032 cm-2s-1 3⋅1032 cm-2s-1

10-100 evts.fb-1 0.1 evts⋅fb-1 ~2 evts⋅fb-1



Structure of an event

20
from T. Sjoestrand



Structure of an event

21
from T. Sjoestrand

The hard sub-process



Structure of an event

22
from T. Sjoestrand

Resonnance decays



Structure of an event
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from T. Sjoestrand

Initial state radiation



Structure of an event

24
from T. Sjoestrand

Final state radiation



Structure of an event

25
from T. Sjoestrand

Multiple parton-parton interactions



Calculating a cross-section

• Calculations are done in pertubative QCD
• Possible due to the factorization of hard ME 

& pdf’s
• Can be treated independently

• Strong coupling (αs) is large
• Higher order needed
• Calculations complicated 

26
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Calculating a Cross Section

! Cross section is convolution of pdf’s and Matrix Element

! Calculations are done in

perturbative QCD

! Possible due to factorization of

hard ME and pdf’s

! Can be treated independently

! Strong coupling (!s) is large

! Higher orders needed

! Calculations complicated
39

Calculating a Cross Section

! Cross section is convolution of pdf’s and Matrix Element

! Calculations are done in

perturbative QCD

! Possible due to factorization of

hard ME and pdf’s

! Can be treated independently

! Strong coupling (!s) is large

! Higher orders needed

! Calculations complicated
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The Proton Composition

! It’s complicated:

! Valence quarks, Gluons, Sea

quarks

! Exact mixture depends on:

! Q2: ~(M2+pT
2)

! Björken-x:

! fraction or proton momentum

carried by parton

! Energy of parton collision:

X

p

p

xBj

Q2

MX = !ŝ

Proton composition

• It is complicated:
• Valence quarks, gluons, sea quarks

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

2)
• Björken-x:

• fraction of the proton momentum 
carried by the parton

• Energy of parton collision:

27

ŝ = x1⋅x2⋅s
MX = √ŝ

p1p1p1

p2



LHC vs previous hadron colliders

Cross section at LHC: ~10 × x.s. at Tevatron
New (x,Q2) regime
Gluons play a dominant role at high Q2

28
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Parton Kinematics

! Examples:

! Higgs: M~100 GeV

! LHC: <xp>=100/14000!0.007

! TeV: <xp>=100/2000!0.05

! Gluino: M~1000 GeV

! LHC: <xp>=1000/14000!0.07

! TeV: <xp>=1000/2000!0.5

! Parton densities rise dramatically towards low x

! Results in larger cross sections for LHC, e.g.

! factor ~1000 for gluinos

! factor ~40 for Higgs

! factor ~10 for W’s

pdf’s measured in deep-inelastic scattering

Factor 
1000 for gluinos
40 for Higgs
10 for W’s



LHC start

• LHC should start mid-November 2009 with single beams.
• Collisions at √s=2×450 GeV expected by mid-December
• Increase to √s=2×3.5 - 2×5 TeV
• Run for 2010, accumulating ~100 evts/pb

29

Numbers to be scaled 
down to √s=7 TeV

F. Gianotti



Typical hadron collider detector
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Triggering on events

• First level of triggering (Level 1) is based on 
detectors with fast signals: calorimeters 
& Muon trigger chambers

• Input rate 40MHz

• Output rate 100 kHz
• Custom made HW processors

• High level trigger (L2 & L3) make use of 
more detectors & correlations between 
them

• Input rate 100 kHz

• Output rate ~100 Hz

• PCs & fast switches

31
!""#$%&!'( !)*%+,,-%."/01)23(43%5067*/*64*%06%8(9)%.6*/92%:)23(43;%<"#2%=>?)@++6A%%+,,- %%%%%% B

!"#$%&#'!(#)*+,,-*

"#$%&'())*'%+,+-*.%/01+(+-+%02%-30%
4*5*4+6

!-.-/0"#)*+,,-*#1!"2
!"#$%&'(%)*&+&,-.

/$%#$%&'(%)*&+00&1-.

2$3%/4&4(5)&6('57(')&#'/2)33/'3

'+,3#!-.-/#)*+,,-*#1'!(2
!"#$%&'(%)*&+00&1-.

/$%#$%&'(%)*&+00&-.

89&:('4&$3!";&')2/"3%'$2%!/"&3/:%7(')&

("5&)<)"%&:!=%)'3&3!4!=('&%/&%6)&/::=!")&

("(=>3!3

!""#$%&!'( !)*%+,,-%."/01)23(43%5067*/*64*%06%8(9)%.6*/92%:)23(43;%<"#2%=>?)@++6A%%+,,- %%%%%% B

!"#$%&''(%

"#$%&'%()*++$)%*,%-!,$.%/0%(#$%1!2/)*3$($)%
!0.%34/0%.$($1(/),

5(%&'%6$%()*++$)%/07
!"#$%#&'(")*"&

± +!

!"#$%#&'(")*",&-(./0"1&('

!"#$%#&'(")*"23.4/.5"1&('

!"#$%#&'(")*"(/671&('

!"#$%#&'("8*"963-'

8/)%$!1#%/9%(#$,$%/-:$1(,%(#$%)!;*.*(<=%"=%!0.%
#%!)$%!2,/%()!0,3*(($.%(/%>"%,/%?&"%1!0%
,$$.%/0%(#$3

@0%!..*(*/0%6$%()*++$)%/0%
$-,06'$:&"(.$%%&.';%)*<"=)*<">*<"=>*
9$-$9697?$/'"/-5"@&.37?$/'

ABC%!,%2!($01<
,/?0&"A.3A/%/($3-"0&/:&'"B"!'"23."
A.3,&''$-%



Trigger: you get what you ask for

• At LHC (Tevatron), the trigger determines 
the quality of the physics you can do 
(not true at e+e- colliders)

• The trigger is made of multiple steps (2 in 
CMS, 3 in ATLAS)

• The possibility to re-configure the trigger, to 
adjust it, to implement new algorithm 
is probably the key to success

• The trigger efficiency needs to be measured
• Need for un-biased samples

• Triggers were designed for high energy 
objects; both ATLAS and CMS have to 
adjust their strategy to cope with low 
pT events (Minimum Bias)
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Cosmic Muons Events triggered by the Muon system

Reconstruct e/γ cluster & check that μ track is close

Measure the efficiency

e/γ trigger on
cosmic muons
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 What can be done with early data?

• PYTHIA models favour ln2(s);
• PHOJET suggests a ln(s) dependence.

d
N

ch
g
/d
!

 a
t 
!

=
0

"s (GeV)

LHC

! “Minimum bias” is usually associated to non-
single-di!ractive events (NSD),  e.g. ISR, UA5, 
E735, CDF,…

minimum bias event

#tot ~ 102 - 118 mb

(PYTHIA) (PHOJET) 

#NSD ~ 65 - 73 mb

(PYTHIA) (PHOJET) 

 Modeling of minimum bias pile-up and underlying
event necessary tool for high pT physics!

 At the LHC, studies on minimum-bias are planned 
to be done early on. Low luminosity is ideal as  the 
e"ect of overlapping proton-proton collisions is 
removed (or at least reduced)!

 L < 1pb-1 - Minimum Bias measurements 

Minimum Bias events

• Inelastic events with no or as little 
as possible trigger bias

• Bias depends on the trigger 
acceptance of the experiment

34

σSingle Diffractive + σDouble Diffractive + σNon Diffractive  

σinelastic ≈ 80-85 mb 
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MC charged primaries & track pT > 150MeV

Summary of systematic 
uncertainties

Track selection cuts

Mis-estimate of 
secondaries

Vertex reconstruction 

Mis-alignment

Beam-gas & pile-up

Particle composition

Di!ractive cross-sections
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Total: 8%
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Corrected newTracking

Ratio: Corrected/MC

ATLAS

" Reconstructed distribution for non-single 
di!ractive inelastic events (for pT > 150MeV)

" This can be directly compared to previous 
measurements from UA5 and CDF for example.

 Estimating how well ATLAS minimum bias events can be reconstructed 
(see SM chapter on CSC book).

ATLAS Collaboration, Expected Performance of the ATLAS Experiment, 

Detector, Trigger and Physics, CERN-OPEN-2008-020, Geneva, 2008, to 

appear.

Understanding the low pT events
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MC charged primaries & track pT > 150MeV

Summary of systematic 
uncertainties

Track selection cuts

Mis-estimate of 
secondaries

Vertex reconstruction 

Mis-alignment
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ATLAS

" Reconstructed distribution for non-single 
di!ractive inelastic events (for pT > 150MeV)

" This can be directly compared to previous 
measurements from UA5 and CDF for example.

 Estimating how well ATLAS minimum bias events can be reconstructed 
(see SM chapter on CSC book).

ATLAS Collaboration, Expected Performance of the ATLAS Experiment, 

Detector, Trigger and Physics, CERN-OPEN-2008-020, Geneva, 2008, to 

appear.



Underlying Event & Pileup Events

• In proton-(anti)proton interaction, 
remaining partons from the 
protons produce activity in the 
event

• Events produced & triggered in ATLAS 
& CMS are the results of multiple 
proton-proton interactions

• Number of bunches, protons/bunch, 
time between two bunches
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Every Event is Complicated

! “Underlying event”:

! Initial state radiation

! Interactions of other partons in proton

! Additional pp interactions

! On average 20 at design luminosity of LHC

! Many forward particles escape detection

! Transverse momentum ~0

! Longitudinal momentum >>0

 

Proton AntiProton 

“Hard” Scattering 

PT(hard) 

Outgoing Parton 

Outgoing Parton 

Underlying Event Underlying Event 

Initial-State 

Radiation 

Final-State 

Radiation 

H !ZZ!µ+µ-µ+µ-)
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Inclusive Jet Cross Section

• At LHC, the dominant process is pp➝gluon-gluon
• ATLAS-CMS will trigger on single jets with typically ET>15 GeV (pre-scale)
• Large cross section ~ mb
• Why?

• Jets are contributing to most backgrounds
• Direct confrontation of QCD predictions
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• Ingredients for data
• Understand basic detector 

performance
• Coherent noise
• Noisy cells

• Jet algorithm reconstruction
• Jet energy scale
• Jet energy resolution
• Luminosity

• Ingredients for Monte Carlo
• Higher order corrections

• Non perturbative corrections

• Structure functions
• Renormalisation scale

3.2 Trigger Requirements and Spectrum Construction 5

3.2 Trigger Requirements and Spectrum Construction

The first step towards the measurement of the inclusive jet cross section is the combination of
the triggered data to form a continuous spectrum. Data will be accumulated with the single
jet triggers which fire when the corrected leading jet pT in an event is above a certain thresh-
old. Each single jet trigger path consists of a Level 1 trigger requirement and a High Level
Trigger (HLT) condition [18]. Table 2 lists the trigger streams that are foreseen to be used for
the inclusive jet cross-section measurement. The associated pre-scales correspond to early data
taking conditions with an instantaneous luminosity of about L = 1031 cm−2 s−1. In the actual
data taking the trigger pre-scales will be measured independently in order to verify that their
values are the advertised ones.

trigger pT threshold ( GeV) pre-scale
HLT L1Jet15 15 10000

HLT Jet30 30 2500
HLT Jet50 50 50
HLT Jet80 80 10

HLT Jet110 110 1
Table 2: Single jet trigger streams and pre-scales for early data taking conditions. The pT thresh-
olds refer to corrected values.

The turn-on point for each trigger is defined as the value of pT where it becomes at least 99%
efficient with respect to the preceding single jet trigger after fitting the turn-on curve with the
error function. The efficiency of the lowest threshold trigger will be determined by comparison
to the Minimum Bias trigger. In Table 3 the turn-on point for each trigger is shown for the
different rapidity regions up to |y| = 2.5 in the case of the kT algorithm. Figure 2 shows as an
example the turn-on curves in the central rapidity region with |y| < 0.55. The corresponding
turn-on points for the SISCone algorithm are similar within resolution.

Once the trigger turn-on points are identified, the spectrum in each rapidity bin is constructed
from a combination of the trigger streams in such a way that each pT bin receives contribu-
tions from exactly one fully efficient trigger (the one with the highest threshold and therefore
smallest pre-scale). The algorithm for the spectrum construction ensures that there is no double
counting of events that happened to fire more than one trigger. The expected relative statistical
uncertainty of the inclusive jet cross section including the respective trigger pre-scales is shown
for the kT algorithm in Fig. 3.

Trigger 0.00 < |y| < 0.55 0.55 < |y| < 1.10 1.10 < |y| < 1.70 1.70 < |y| < 2.50
HLT Jet30 44 45 44 40
HLT Jet50 57 58 61 59
HLT Jet80 87 86 90 91
HLT Jet110 116 117 121 122

Table 3: Turn-on points in corrected jet pT (in GeV) above which each trigger stream is at least
99% efficient with respect to the stream with next lower threshold. The values given here refer
to the kT algorithm.

3.3 Unsmearing Correction

The raw inclusive jet cross section is not directly comparable to QCD predictions because the
raw jet pT is not calibrated to the particle level. After the application of the jet energy correc-
tions, the measured cross section is denoted as partially corrected because other effects such



Total Cross-section Measurement

• Differential cross section: dσ/dΩ
• Probability of a scattered particle in a given quantum state per solid angle dΩ

• e.g. Rutherford scattering experiment

• Other differential cross sections
• dσ/dET

jet probabilty of a jet with given ET
jet 

• Integrated cross-section
• σ = ∫ dσ/dΩ dΩ
• Measurement:

38

Number of 
selected evts

Number of 
background evts

Selection 
efficiency

Luminosity



Differential Inclusive Jet Cross Section
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3

initially corrected with the default CMS jet energy corrections and subsequently the response
R, defined as the ratio of corrected jet pT and matched particle jet pT, is recorded in bins of par-
ticle jet pT for each region in rapidity y = 1

2 ln
(

E+pz
E−pz

)
considered in this analysis. The matching

between particle and reconstructed jets is done geometrically by requiring the closest match in
the (η, φ) plane that satisfies the condition: ∆R =

√
(∆η)2 + (∆φ)2 < 0.25. The relative energy

resolution in each bin is derived by a Gaussian fit in ±1.5 root-mean-squares around the peak
of the corrected jet response. Finally, the relative resolution σ(pT)/pT is parameterized as a
function of the particle jet pT with the typical calorimetric expression:

σ(pT)
pT

=

√
N2

p2
T

+
S2

pT
+ C2 (1)

Detailed information on the resolution is given in [20]. It should be noted that the procedure
outlined above describes only the Gaussian core of the jet energy resolution.

As soon as collision data become available, CMS plans to obtain the jet energy resolution from
di-jet events, utilizing the Di-jet Asymmetry Method [20] which, by construction, measures the
Gaussian core of the jet energy resolution. Preliminary CMS studies indicate that the expected
systematic uncertainty of the relative jet energy resolution will be less than 10% (relative value).

3 Cross-Section Measurement
The differential inclusive jet cross section is measured in bins of the jet transverse momentum
pT and rapidity y and is defined as:

d2σ

dpTdy
=

Cres

L · ε
·

Njets

∆pT · ∆y
(2)

where:

• Njets is the number of jets counted in a bin,
• L is the integrated luminosity,
• ε is the efficiency of the event clean-up and jet identification criteria,
• Cres is the resolution unsmearing correction factor,
• ∆pT and ∆y are the pT and rapidity bin sizes respectively.

The binning in absolute rapidity |y| used in this analysis has been defined according to the
CMS detector geometry [6] and is given in Table 1. The binning in jet pT is based on the jet
energy resolution such that the width of each bin is roughly equal to the absolute resolution
(one sigma) at the center of the bin.

3.1 Event Clean-up

In data, in addition to jets from the hard scattering of the beam protons, large calorimetric
signals originating from noise, beam halo energy deposits or cosmic ray showers will also
be observed. All such sources of noise and non-collision data can produce large amounts of
transverse energy ET that is not balanced by any partner in a physical scattering process and
that appears as so-called missing ET (MET) corresponding to the absolute value of the vector

Resolution un-smearing 
correction factor Number of jets in a bin

Luminosity
Efficiency:
- jet clean-up
- identification

Bin sizes:
- pT
- pseudo-rapidity

｝



4.1 Theory Prediction 9
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Figure 5: Fractional experimental systematic uncertainties for two rapidity bins and for both
jet algorithms.

Lacking collision data, simulations employing the leading-order Monte Carlo generator PYTHIA
are taken as a substitute. In contrast to what would be done with real data, the pseudo data
require an additional treatment in order to be compared with the NLO theory. This is demon-
strated in Fig. 6 where the ratios of the inclusive jet cross section of NLOJET++ in NLO and of
the different stages of the QCD di-jet event generation of PYTHIA are shown with respect to
NLOJET++ in LO for the kT algorithm. To account for the difference in pQCD precision (LO vs.
NLO), employed parton density (CTEQ6L1 [25] vs. CTEQ6M) and the order of the evolution
of the strong coupling αS (1-loop vs. 2-loop), K factors analogous to the NLOJET++ NLO over
NLOJET++ LO curve of Fig. 6 have been applied to the PYTHIA cross sections. The K factors are
presented in Fig. 7.

Following the procedure adopted for the Tevatron measurements of inclusive jet cross sec-
tions [3, 26] the NLO predictions are modified by additional non-perturbative corrections which
in Fig. 6 correspond to the difference between the “PYTHIA LO + pert. corrections” and the
“PYTHIA particle level” curves. The effect of the PYTHIA hadronization model alone can be

Experimental & theoretical uncertainty

40
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Figure 10: Fractional theoretical uncertainties for two rapidity regions for the kT (left) and the
SISCone algorithm (right).



“Measured” QCD jet spectrum

• From first 10pb-1 of data, the 
differential inclusive cross-
section can be measured

• 100 GeV < pT
jet < 1.4 TeV

• central rapidity

• Systematic errors will go down as 
more events are collected

• Any large deviation from QCD 
prediction 

• will be studied carefully
• may be sign for new physics
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Figure 12: Measured QCD spectrum (K factors times PYTHIA with CMS simulation) with ex-
perimental systematic uncertainty compared with theory (NLO times non-perturbative cor-
rections) and PYTHIA QCD+3 TeV contact interaction term (left). Fractional difference of the
QCD+contact interaction term and pure PYTHIA QCD is shown in comparison to the experi-
mental and theoretical uncertainties (right).

from the theory side by the development of a NLO parton shower MC generator for QCD jet
production.

The experimental systematic uncertainties dominate over the theoretical ones during early data
taking. At very high pT, where data are not available for an in situ jet calibration, the jet energy
scale induces large experimental uncertainties. The consistency with the underlying theory
can be tested, nevertheless, and large deviations from QCD predictions caused by new physics
could be observed.
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Conclusion on Jet Analysis

• Jets cross-section is high
• Inclusive jets cross-sections will be one of the first measurements made at 

LHC
• Requires a good detector understanding
• Prior to any search analysis

• Allows to confront theoretical predictions to data
• Gives a handle on MC 
• Essential for further background prediction

• More detailed & refined analysis than presented here will be pursued
• 1/2/3/multi-jets comparisons
• Angular distributions
• …..
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Identifying leptons

43
13

Lepton Identification

! Electrons:
! compact electromagnetic cluster in

calorimeter

! Matched to track

! Muons:
! Track in the muon chambers

! Matched to track

! Taus:
! Narrow jet

! Matched to one or three tracks

! Neutrinos:
! Imbalance in transverse

momentum

! Inferred from total transverse
energy measured in detector

! More on this in Lecture 4

B. Heinemann



Electroweak Physics

• Current Electroweak theory thoroughly tested (and never “broken”) until 
now (LEP, Hera, TeVatron, μ & neutron magnetic moments,…)

• Aim at LHC:
• Finally break it!
• Deeper understanding to:

• tighten indirect constraints
• find deviations 

• Detector calibration

• Presented today:
• Z&W cross-sections
• Top mass
• W Mass
• F/B asymmetry
• Associated production of gauge bosons
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Z & W productions

• Z production 
• 15⋅106 evts in one year at 

dℒ/dt = 1033 evts/cm2/s
• qq annihilation
• xq⋅xq ~ 4⋅10-5

• pL = 0.5⋅√s⋅(xq-xq)

• Z decay
• To 2 energetic fermions of 

opposite charge
• 70% are quark pairs

• jet-jet distributions are 
dominated by QCD background

• Study lepton pairs: cleaner
• electrons
• muons
• taus
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• W production
• σZ ~ 10 ⋅ σW 

• σW
+

  > σW
-
  (quark content of the 

proton) 
• W+ peaked at high rapidity; W- 

in central rapidity

• W decay
• 32% to one energetic fermion & 

one neutrino
• 68% to two quarks

‚
W l

ν



Selection of Z events
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Z→e+e-

50 pb-1

Electron/μ trigger pT>10 GeV
Two isolated lepton pT

lep > 15 GeV  

|η| < 2.4
|Mll - MZ|<20 GeV

Backgrounds

Electron channel:

signal and background fraction are 
simultaneously estimated via a fit that 
leads to (8.5±1.5)% of background rate, 
with the uncertainty coming from modeling 
the shape
Muon channel: 

the dominant background is t-tbar and the 
total uncertainty on this background is 
20%

12

W and Z Bosons

! Focus on leptonic decays:

! Hadronic decays ~impossible due to
enormous QCD dijet background

! Selection:

! Z:

! Two leptons pT>20 GeV

! Electron, muon, tau

! W:

! One lepton pT>20 GeV

! Large imbalance in transverse
momentum

! Missing ET>20 GeV

! Signature of undetected particle
(neutrino)

! Excellent calibration signal for many
purposes:

! Electron energy scale

! Track momentum scale

! Lepton ID and trigger efficiencies

! Missing ET resolution

! Luminosity …



Tag & Probe (or FYFMC*) Method 
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ATLAS

Tag & Probe

MC truth

(*) Free Yourself From MonteCarlo

One good electron One electromagnetic cluster

PT > 15 GeV  
|η| < 2.5, no |η| cracks (1.3-1.6)
track associated & matched
Electromagnetic properties

PT > 15 GeV  
|η| < 2.5, no |η| cracks (1.3-1.6)
No requirement on track
Electromagnetic properties



Selection of W events

One Electron/μ trigger pT>20 GeV
Isolated lepton pT

lep > 25 GeV  - |η| < 2.4

ET
Miss > 25 GeV

MT > 40 GeV

48

50 pb-1

Backgrounds

Electron channel:

jet fraction estimated with a data driven 
method to be (0±4)%, and the W->τν 
with an uncertainty of 3%

Muon channel: 

a theoretical uncertainty of 15% is 
assumed on t-tbar background, plus a 
10% one on the rejection of the 
isolation cut that is a total 20% on this 
background rate



The detector: measuring ET
miss

• Noisy cells?
• Dead region
• Coherent noise

49

identified as damaged HV cable inducing coherent noise on 
the presampler detector: replaced & fixed
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Z & W Cross-sections

Expectations for 50 pb-1

Expectations for 1 fb-1

Number of 
selected evts

Number of 
background evts

(from data)

Signal 
acceptance × selection 

efficiency

Luminosity
Large uncertainty 

in early data
Not accounted for 

in this table



Top production
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qq➝tt~10% gg➝tt~90% 

Paire production σtt ~ 830 pb

t-channel Wt-channel W* (s-channel)

σ ~ 250 pb σ ~70pb σ ~ 10 pb

Vtb
Vtb Vtb

Vtb

t-channel
σ ~ 250 pb

Wt channel
σ ~ 70 pb

W* (s-channel)
σ ~ 10 pb

Single top production σ ~ 330 pb



Top Decays

• In the Standard Model, the decay of top quarks takes place almost 
exclusively through the t➝Wb. W-boson decays in about 1/3 of the 
cases into a charged lepton and a neutrino and in 2/3 of the cases, 
decays into a quark-antiquark pair
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Lepton side

Hadron side



Top Studies

• LHC is sometimes presented as a top factory
• 1 evt/s produced at dℒ/dt = 1033 cm-2s1

• Top production mechanism
• Production cross section
• Vtb

• Spin correlations

• Top properties
• Mass
• Charge
• Decay properties

• EW vertex (V-A), W helicity
• Rare top decays

• Search for new physics with 1 evt/fb with heavy flavours ?
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Top Pair selection for semi-leptonic channels
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Electron Trigger ET>10 GeV 
Two isolated lepton pT

lep > 20 GeV  |η| < 2.4

Four jets pT
jet > 20 GeV & three jets pT

jet > 40 GeV

ET
Miss > 20 GeV

Top: 3 jets with highest pT sum

No b-tag
W constraint ±10 GeV for one of the jet-jet comb.

Backgrounds

Dominant W+jets

Single top
Z➝ ll + jets

QCD with fake leptons and ET
Miss 

Dibosons: WW,WZ,ZZ

Combinatorial background



Top Pair Cross-Section Measurement

• 2 methods
• Maximum likelihood fit on three jet 

invariant mass distribution
• Counting events satisfying selection 

cuts & then subtracting background
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100pb-11



Top Quark Mass Measurement

• Same cuts as before but pT
jet > 40 GeV 

(calibration)
• 2 b-tag
• Use X2 method to reconstruct W mass by 

minimizing, over all light jets pairs:

56

Mtop = 175.0 ± 0.2GeV(stat)

Systematic error (1fb-1)~ 1 GeV

Tevatron
Mtop= 172.4 ± 0.7stat ± 1.0sys GeV 



W Mass Measurement
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Measuring MW

• Aim at 2⋅10-4 precision on the energy scale (going from MZ to MW) i.e. 
10 MeV at 50 GeV:

• Electronics noise in strips compartment of LAr calorimeter
• ~2 ADC counts in the middle compartment
• A change of 0.01 degree of LAr or CMS crystal temperature
• Effect of empty Bunch Crossings ?

• The protons packets are not uniformly distributed inside the LHC
• Effect of pile-up is different depending on the packet
• Careful treatment of this effect is necessary

• Good tradition in Geneva for “clock-work” skills 

• Many (careful) steps have to be taken to reach the goal
• Z0 to fix the energy scale at ~ MZ/MW

• Detector acceptance
• Description of variables by MC (templates)
• ….
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Template method

• Use knowledge of Z0

• mass
• kinematics (ratio MW/MZ)

• Response parameters 
• determined in-situ using Z events
• then used to produce templates of pT

e, tested against the data

• Study shows that MW is measured with no bias, using this method
• MW

true = 80.405 GeV
• MW

fit = 80.466 ± 0.110 GeV
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W Mass Measurement

• Select W candidate events
• Observable sensitive to MW

• pT leptons
• Transverse mass: MT 

• Build template for these observables pT(MW), MT(MW)
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15 pb-1



W Mass Measurement

61

15 pb-1

pT leptons  δMW = 110 (stat) ⊕ 114 (exp.) ⊕ 25 (PDF) MeV      

Transverse mass MT  δMW =  60 (stat) ⊕ 230 (exp.) ⊕ 25 (PDF) MeV      



High Statistic Measurement of MW

• With 1fb-1

• 45 106 W boson per leptonic channel
• 4.5 106 Z boson per leptonic channel

• Examples of systematic studies:
• Experimental

• Lepton energy scale, linearity, resolution
• Reconstruction efficiency

• Theory
• W distribution, yW, pT

W

• FSR

• Environment
• Underlying event
• Pile-up
• Background

62



W Mass: Ultimate Measurement
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From MW to MHiggs

today σ(MW) ~ 0.3‰

LHC aims at 0.1‰
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Measurement of AFB in γ*/Z decays
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q q
e+

e- _

Parity violation in neutral currents ⟹ 

AFB(s) = f(gV
lq, gA

lq, Qlq) ⟹ probe V-A

extraction of the weak mixing angle sin2(θW)

Study AFB at the Z pole, using 
forward electrons.

At Tevatron, meast dominated 
by statistical error

Systemtatic errors come from 
PDF, detector resolution

From theory:   AFB = b (a - sin2ϑeff
lept ) 

(a = 0.23±0.03    b = 1.8 ±0.3)



Forward-Backward Asymmetry in Z decay

• At LHC: quark direction not known
• take Z direction
• cut on yZ improves the assumption
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preliminary
cut

correct quark 
direction

all events

C: central electron(|η|<2.5)
F: fw electron (|η|<4.9)

Forward electron identification important !!
( εfw ele~ 50%   Rject = 100 ➝ ΔAFB(stat) = 1.5 10-4 )
Electron channel favored w.r.t. to μ channel 
because of the acceptance up to η=4.9



Prediction for measurement of sin2θW
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Uncertainties δsin2
eff

Energy scale
Reco. Efficiency
Energy resolution
Charge ID
Bkg. subtraction

Theory(PDF)
a and b parameters

Statistical error

1.5x10-5

1.9x10-5

1.1x10-6

1.4x10-5

<10-5

2.4x10-4

3x10-5

1.5x10-4

ATLAS preliminary : 100 fb-1

Main uncertainty PDF
Conversely can be used to constrain PDF

sin2ϑeff
lept



Dibosons  

• Diboson production cross-section
• expect increase of factor 10 in xs at LHC
• 10-100 evts in first fb-1

• Anomalous charged Triple Gauge Boson Coupling
• Self interactions among three gauge bosons
• Deviation from SM

• Δg1
Z= g1

Z - 1, ΔκZ = κZ - 1, Δκγ = Δκγ - 1, 
λγ ≠ 0, λZ ≠ 0

• Anomalous neutral Triple Gauge Boson Coupling
• neutral TGC forbidden in SM

• f4γ ≠ 0,f5γ ≠ 0,f4Z ≠ 0,f5Z ≠ 0

• New Physics control sample
• If no Higgs boson, di-bosons are important to 

understand EWSB
• Background for Higgs & New Physics 68



Associated production of Gauge Bosons W&Z 
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= Nsignal / √Nbkg

 = e, μσSMNLO ≈ 55 pb

 = e, μ
 = e, μ

 Mll(GeV)

l = e, μ

300 pb-1 CMS

CMS



Charged di-bosons

• Select WW events
• Electrons: 2 isolated el. (|η|<2.5) with opposite charges; associate tracks-

clusters, isolation ET<8GeV in a cone ΔR=0.45 (discriminate WW, ttbar, DY)
• Muons: pT>5GeV, isolation ET<5GeV in a cone ΔR=0.45
• Jet veto: ET>20GeV, |ηjet|<3
• ET

miss > 50 GeV
• MZ veto |Mll-MZ|>15 GeV
• Δφ(pT(ll), ET

miss) > 1750
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1.1 Diboson production cross-sections

Tree-level Feynman diagrams for electroweak diboson production at hadron colliders are shown in Fig-
ure 1. The s-channel diagram contains the vector-boson self-interaction vertices of interest here. The
cross-sections are calculated to next-to-leading-order (NLO) in [11]- [13]. The Standard Model diboson
production cross-sections are listed in Table 1.

q̄

q

V1

V2

q̄

q

V2

V1

V

q̄

q

V1

V2

TGC vertex

t-channel u-channel s-channel

Figure 1: The generic Standard Model tree-level Feynman diagrams for diboson production at hadron
colliders; V,V1,V2 = {W,Z,γ}. The s-channel diagram contains the trilinear gauge boson vertex. In the
Standard Model, only WWγ and WWZ vertices are allowed.

Table 1: The Standard Model diboson production total cross-sections, calculated to the NLO, at the
Tevatron (

√
s = 1.96 TeV) and the LHC (

√
s = 14 TeV). The references in the first column indicate the

MC generators used for the calculations, with parton density function (PDF) CTEQ6M and the elec-
troweak parameters [14]. The theoretical uncertainty from the PDF and the QCD scale factor is typically
5%.

Diboson mode Conditions
√

s = 1.96 TeV
√

s = 14 TeV
σ [pb] σ [pb]

W+W− [15] W -boson width included 12.4 111.6
W±Z [15] Z and W on mass shell 3.7 47.8
ZZ [15] Z’s on mass shell 1.43 14.8
W±γ [16] Eγ

T > 7 GeV, ∆R(!,γ) > 0.7 19.3 451
Zγ [17] Eγ

T > 7 GeV, ∆R(!,γ) > 0.7 4.74 219

The LHC diboson production rates will exceed those of the Tevatron by at least a factor 100 (10
times higher in cross-sections and at least 10 times higher in luminosity). Furthermore, because the
energy reach at the LHC will be 7 times higher than at the Tevatron, the LHC sensitivity to anomalous
TGC’s is expected to be improved by orders of magnitude over that which can be reached at the Tevatron
or LEP.

1.2 Effective Lagrangian for charged TGC’s

The most general effective Lagrangian, that conserves C and P separately, for charged triple gauge boson
interactions is [19]:

L/gWWV = igV
1 (W ∗

µνW µV ν −WµνW ∗µV ν)+ iκVW ∗
µWνV µν +

λV

M2
W

W ∗
ρµW µ

ν V νρ

2

STANDARD MODEL – DIBOSON PHYSICS STUDIES
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834



Diboson rates for 1 fb-1
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Anomalous couplings
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ATLAS

1 fb-1



Expectations for TGC Anomalous couplings with ATLAAS
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 95% CL limit on AC (Λ=2 TeV) 10 fb-1 ( ~ 10 x better than present CDF 2 fb-1 )

 95% CL limit on AC (Λ=2 TeV) 10 fb-1 



Conclusions

• Known processes from SM will be measured at LHC
• Understand detector & machine performance
• Make first comparison with theoretical predictions

• Even with a small integrated luminosity, ATLAS & CMS will be able to make 
physics measurements

• Minimum Bias cross-section
• W & Z cross sections, W mass
• Inclusive jet cross sections
• Top

• The ultimate goals w.r.t. to SM measurements require to control the 
detector with high precision

• W mass wiyh 0.01% precision
• Triple gauge coupling 
• Top properties

• Looking forward analyzing data from the LHC & making measurements 
and  discovery(ies ?)
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Jet reconstruction

• New developments on jet algorithms

75
Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4
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Jet Energy Scale
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±5%


