
Exercises



Make teams

● Teams of ~5 students

● Choose a name of your team

● You will need a pen and a piece of paper and python for 
some short calculations
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Example: collider
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Electron-positron colliding 
with the same energy, i.e. 45 
GeV like at LEP

Where I have neglected the electron masses and where p2 has the component 
Z in the direction –z ~ -E2.  

z

For equal beam energies:
The c.m. energy of a collider grows 
linearly with the beam energy



Example: fixed target
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In fixed target the c.m. energy increases only with the sqrt of the beam energy. To 
double the c.m. energy, I need 4X beam energy, not very efficient. 

Is there an advantage anyway? Why do I want higher c.m. energy usually?



Event display

5

How do these tracks looks like in
The CMS detector?



Event display
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https://cds.cern.ch/record/2933467/files/animatedMP4.mp4

How do these tracks looks like in
The CMS detector?

https://cds.cern.ch/record/2933467/files/animatedMP4.mp4


General on Particles
Fill at least 3 rows

7



General on Forces
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Kinematics
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Feynman diagrams
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Feynman diagrams
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Processes
● Which of the processes are forbidden and why?
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Discovery of W and Z
● The W and Z bosons were discovered in  collisions at 

CERN in 1983. Considering:
pp̄
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Compounds states?
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Is there a toponium?

● DESY Seminar today at 4 PM in the DESY Auditorium
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Is there a toponium?
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QCD in e+e- 



QCD in e+e- 
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Additional confirmation of the theory of strong interactions came from experiments at 
electron-positron colliders (SPEAR, DESY, PETRA, LEP). 

Font: SLAC-PUB-1814, SPEAR observation of 2 jets



Three-jet event at PETRA
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JADE experiment, DESY

First event by TASSO (1979), DESY



Measurement of alphas
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Let’s suppose I have an electron-positron collider, at high energy enough to 
produce jets. How can I measure alphas?



NLO and perturbation theory
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Thanks to the fact that αS is small at high energy, we can apply perturbative calculations 
(pQCD)
ME = LO + NLO + NNLO + ...
2 examples:



Ratio R in e+e-
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What happens at 380 GeV?
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Have we measured the ratio R at 380 GeV?



DIS
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HERA
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pe



HERA tests of SM

26Why is this plot famous?



QCD in pp
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A pp interaction
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Non-perturbative, parton 
densities functions (PDFs), 
universal,  from fit to exps. data 

Perturbative 
process, calculable 
in pQCD

x1

x2

σij

The cross section can be factorized as (factorization theorem in QCD):

μF=factorization scale



Top decays
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Top quark at the LHC

By now at the LHC we 
have  millions top pair 
produced

Which production mode is higher at the LHC and why?



Top pair production at the LHC
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Font: Bettini

Each quark would have ~x of the beam energy, so the effective c.m. energy sqrt(s) 
becomes:

2Xmtop ≃ x ⋅ s

x ≃ 0.02 In gluon region

(2mtop)2 = 4x1Ep̄x2Ep = x1x2s

, mtop = 172 GeV, s = 13,000 GeV

x2

x1



Higgs
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i.e. Higgs production
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Which production mode is higher at the LHC and why?



Higgs production
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Higgs production
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 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

The Higgs boson can be produced in pp collisions 
through 4 main diagrams. 
The cross sections are shown as a function of the 
Higgs boson mass below, here plotted at 7 TeV

The bands represent the theo uncertainties as 
calculated at the time of the discovery



VBF topology
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VBF topology
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The cross section ratio between Higgs production and Drell Yan (Z) at the LHC 
is higher when two jets are present compared to no jet:

σ(VBF)(H + 2jets)
σ(Z + 2jets)

>
σ(H)
σ(Z)

• Draw the Feynman diagrams for the 4 processes in which the H or Z decay into 
two tau leptons 
• Explain why this is the case
• Which implications could it have for an analysis looking for Higgs decaying
Into two tau leptons?



A scalar particle
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Can somebody interpret this picture?


