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Practicalities

mauro.donega@cern.ch 
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Moodle will store slides, exercises, papers and references 

Detailed bibliography will be given at each class
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https://moodle-app2.let.ethz.ch/course/view.php?id=1720
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Outline
• Introduction 
• Accelerators 
• Detectors 
• EW constraints 
• Statistics: likelihood and hypothesis testing 
• Electroweak global fits 
• LEP 2 
• TeVatron  

Multivariate Analysis Techniques  
Results 

• LHC  
channels overview 
dissect one analysis 
Higgs combination 

• Extras 
differential distributions 
off shell 
Beyond Standard Model 
pseudo-observables / EFT
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Early days

100 GeV

Ellis, Gaillard, Nanopoulos,1975

“at the time of writing the discovery of the charm has not been confirmed” 
…let alone beauty (’77), gluon (’79) and top (’95)
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Early days

Many people now believe that weak and electromagnetic 
interactions may be described by a unified, renormalizable, 
spontaneously broken gauge theory [l]. This view has not been 
discouraged by the advent of neutral currents, or the 
existence of the new narrow resonances [2].  

Standard Model 

Gargamelle @ CERN
J/ψ resonance Richter/Ting

We should perhaps finish with an apology and a caution. We 
apologize to experimentalists for having no idea what is the 
mass of the Higgs boson, unlike the case with charm [3,4] and 
for not being sure of its couplings to other particles, except that 
they are probably all very small. For these reasons we do not 
want to encourage big experimental searches for the Higgs 
boson, but we do feel that people performing experiments 
vulnerable to the Higgs boson should know how it may turn up.  

Ellis, Gaillard, Nanopoulos,1975
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Review of basic concepts
   Cross section      

Luminosity       colliding (gaussian) beams       

instantaneous integrated   
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LHC luminosity Run 1
~30 fb-1 delivered to experiments  

7 TeV: ~44  pb-1 in 2010,  
           ~6    fb-1  in 2011 
8 TeV: ~23  fb-1  in 2012 
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Review of basic concepts

                      #events = 

How many you expect in H->ZZ ? 
How many do you see in the CMS invariant mass plot?
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Higgs below 5 GeV 
SINDRUM @ PSI 
h→ee 
mh∉[10, 110] MeV

CERN-Edinburgh-Mainz-Orsay-Pisa-Siegen 
h→ee   mh<50 MeV
BR(K0

L ! ⇡0H)⇥BR(H ! e+e�) < 210�8

CLEO 
h→ee 
mh ∉[0.2, 3.6] GeV

CUSB 
h→ee 
mh ∉[0.2, 5.0] GeV
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Colliders

What are the pro/con of a muon collider ?
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Colliders

we will see the details of  
pp / pp collisions with LHC/TeVatron

precise knowledge of the CM energy
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ALEPH
CMS

OPAL

ATLAS
DELPHI / LHCb

L3 / ALICE
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Detectors

What can create missing transverse energy ?
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Detectors

What is a LOOPER for ATLAS (B=2T) and CMS (B=4T) ?
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Passage of particles through matter
Momentum range for Higgs physics

    Ionization energy loss                          

How do you get from the Bethe-Bloch to the Bragg peak ?
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Passage of particles through matter

Electrons E>1 GeV only bremsstrahlung

Electrons E>1GeV only pair production
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Passage of particles through matter
Electromagnetic shower development

How thick a calorimeter has to be 
to contain 99% of the energy of a 1 GeV 
photon ? and for 1 TeV ?

Hadronic shower: 
- hadronic interactions 
     (fission, cascades, spallation, …) 
- more penetrating 
- e.m. and hadronic components
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“General” HEP collider detector

Different experiments choose different technologies
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4 Tesla
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ATLAS

2 Tesla
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Trackers and e.m. calorimeters
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What is the Transition Radiation ? What is Cherenkov radiation ? What are they used for ?
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Secondary vertices

heavy flavours  and tau decays 
can be distinguished from 
jets by looking for secondary 
vertices (SV)
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electrons: tracker / calorimeter  
muons: tracker / mu-spectrometer
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electron           muons
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Electroweak fits

Infer the presence of new particles (fields) through quantum corrections on observables
Quantum corrections = loops (high oders)

Observables Loop corrections

masses 
coupling constants 

Branching ratios 
production cross sections

vertices 
propagators

Examples:  
Take an observable whose high order corrections depend on mtop, mHiggs  
⇒ can infer those masses even before observing the particles !  
Flipping the argument, combined fits of of several observables  
are very stringent test of the theory/model producing the corrections

(we will go into more details about (pseudo-)observables when fitting the Higgs properties)

Two ways to discover new physics:  
                                                  “direct” observation or observing deviations from theory
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Example
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(              )

5 input
5 input parameters from the Standard Model: 

α(mZ)    αs(mZ)    mZ   mtop   mH 
In practice all the other parameters are either ~constant at the Z-pole  
or can be derived from these 

Collect a (large) number of observables that depend on these inputs 
and fit them simultaneously to check if there is a (unique) set of values 
that can accommodate all measurements. 

Build a X2 fit from all the observables: 

O1(α, αs,mZ, mtop,mH  ; x1) 
O2(α, αs,mZ, mtop,mH  ; x2) 
O3(α, αs,mZ, mtop,mH  ; x3) 
… 
ON(α, αs,mZ, mtop,mH  ; xN) 

p = (α, αs,mZ, mtop, mH)

∂ X2 
∂ p = 0

→
→
→

→ →

→

X2  =   observed - measured 
                     uncertainty

2
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mtop mH

(consequence of using only 
1 doublet in SM)
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mtop mH

from theory from experiment  
(low energy non-perturbative)
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Observables
LEP 1

Does it make sense to talk  
about up/down asymmetries ?
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Observables
LEP 1

LEP 2 / 
TeVatron

How do you measure the polarization of a tau ?

How do you measure the W mass ?
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Observables
Low Energy cross checks
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Input summary



Mauro Donegà: Higgs physics

Dependence
The stronger the dependence on the observable on a parameter the more precise its 
determination
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The most amazing results ever !
Take the high precision Z-pole measurements and fit simultaneously all 5 inputs: 

X2/ndof = 16/ 10 (probability 9.9%)

PDG 
Today we discovered both: 

From these values we can extract all other SM parameters:
PDG
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mW vs. mtop
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mH
Use the same inputs as before and add mt, mW, ΓW from LEP2/TeVatron results 

X2/ndof = 18.3/ 13 (probability 15%)
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mH
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Measured vs. expected
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