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High-Energy Physics in the Higgs Boson Era 

 The Higgs Boson discovery is the most 
important breakthrough in particle physics in 25 
years      

 The Higgs discovery at Large Hadron Collider 
(LHC) marks the start of a new era in particle 
physics

 New particle discoveries are within the LHC 
reach in the next years
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High-Energy Physics in the Higgs Boson Era 
 Higgs Boson: last missing ingredient of successful Standard Model of particle physics  

 The Standard Model is not a complete theory of nature: a substantial amount of 
experimental data and theoretical arguments require New Physics Beyond the Standard 
Model:

Dark Matter and Dark Energy

Huge gap (1016) between Higgs mass and Plank scale

Unification of Gravity and Quantum Mechanics

Inflation

Flavor physics and Neutrino masses and mixings

 The LHC program for the coming decade is based on the detailed characterization of 
the properties of the Higgs Boson and the search of Physics Beyond the Standard 
Model:  

Direct searches: new heavy particle production, supersymmerty, extra dimensions

Indirect searches: Higgs couplings and branching ratios, Higgs compositeness

Consistency tests: precision electroweak data
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QCD: The Toolbox for Discoveries at the LHC

Campbell, ICHEP12

My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills
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Mangano, Aspen14

Improving our quantitative understanding of the Standard Model is essential in this new era for 
HEP, where we need to hunt, unbiased, for answers to the big questions of our field
Now, more than ever, sharpening our QCD tools could be the key for new discoveries at the LHC

Prime example: extraction of Higgs 
couplings from LHC data soon to be 
limited by QCD uncertainties

Better QCD predictions 

Improved indirect sensitivity to New 
Physics via deviations of Higgs 
couplings from SM expectations
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QCD at the LHC

Drawing by K. Hamilton
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QCD at the LHC

Drawing by K. Hamilton

Initial State:
Parton Distribution 

Functions (PDFs)
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QCD at the LHC

Drawing by K. Hamilton

Partonic 
Hard Cross-Sections
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QCD at the LHC

Drawing by K. Hamilton

Parton Showers and
Realistic Final States
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QCD at the LHC

Drawing by K. Hamilton

Jet reconstruction 
and substructure
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Outline of the course

 The first three lectures of the course covers the basic aspects of QCD: historical introduction and 
motivation, the Lagrangian, symmetries, Feynman rules

 No prior knowledge of QCD is assumed, but you should be familiar with the QED Lagrangian, 
the methods of Quantum Field Theory and Feynman rules

 Basic knowledge of group theory is also assumed
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Outline of the course
 Then we move to perturbative QCD in electron-positron, electron-hadron, hadron-hadron collisions
 We will introduce essential concepts such as asymptotic freedom, cancellation of soft and collinear 

divergences, parton distributions and the factorization theorem
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Outline of the course
 The last part of the course is focused on modern applications of QCD for LHC phenomenology
 This includes important topics such as Parton Distribution Functions, higher order QCD 

computations, lattice QCD and the use of QCD for searches of New Physics

Juan Rojo                                                                                                           University of Oxford, 28/04/2014



15

References

Juan Rojo                                                                                                           University of Oxford, 28/04/2014

http://juanrojo.com/teaching

 Most lectures will be with the blackboard, using material from the above references
 For some lectures (specially for the more advanced topics) I will also use slides
 All the material of the course will be available from



Lecture 1:
Motivation for QCD 

and historical introduction
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The particle zoo
 Around 1932 we had discovered the proton, the neutron, the electron and the positron

 In the following 30 years, a wild zoo of strongly-interacting new particles was discovered, first in 
cosmic rays and then in controlled experiments: pions, kaons, baryons of many types ...

 As opposed to particles that interact weakly like in QED or Fermi theory, where all reactions originate 
from a weakly coupled point-like vertex these new strongly-interacting particles were characterized by 
the presence of a single dimensional scale, !S ~ 300 MeV

 So the cross-sections of strongly-interacting particles scale as ~1/!2 , the width of hadronic resonances 
is ~!  and the size of a typical baryon is ~1/!

 The original goal for a theory of the strong interactions was to understand the underlying laws of 
hadron dynamics and how their properties arise in terms of the fundamental parameters of the theory
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The quark model and color
 In order to explain hadron-structure, in the 60s Gell-Mann and Zweig formulated the hypothesis that 

hadrons were composite states of more fundamental degrees of freedom, called quarks

 To describe the hadron spectrum, quarks have to verify the following properties

 Quarks must have spin 1/2

 Quarks have a new internal quantum number, called color, that can take NC = 3 different values

SU(3) is an exact symmetry of the theory

 Hadrons are color singlets

 Quarks have fractional electric charges, either 2/3 or -1/3 times the electron charge

 With the hadrons known in the 60s, three quarks were required to explain all the spectrum: they were 
called the up, down and strange quarks.

 Later experiments uncovered three more heavy quarks: charm, strange and bottom
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The SU(3) group
SU(N) is the special unitary groups of degree n: group of n x n unitary matrices with determinant = 1

The Lie algebra of these groups is defined by the commutation relations of the generators of the group

Exercise: determine the structure constants of SU(3) from the commutation relations

                                                                                                                              

An important representation of the group is the fundamental representation, with the so-called Gell-Mann 
matrices, which are traceless and Hermitian. In the case of SU(3)
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Color singlets
The experimental result that hadrons are color singlets restricts the possible combination of quarks in 
hadrons. Denoting the quark wave function as

Then we can form color-singlet mesons from a quark-antiquark (note no flavor restrictions)

It is easy to see that mesons are invariant under SU(3) transformations (using the unitarity property)

Baryons are also color singlet states composed by three quarks of arbitrary flavor



Juan Rojo                                                                                                           University of Oxford, 28/04/2014

Experimental evidence for color - I
Consider the !++ baryon: in the quark model it is composed by three up quarks with same spin and 
spatial wave function

Without color, Pauli principle would be violated since the wave function of a bound state of identical 
fermions (spin, flavor, spatial) would be completely symmetric

Exercise I: show that baryons are color singlets, using

Exercise II: Proof explicitly the above property of SU(3) matrices
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Experimental evidence for color - II
Consider the ratio of hadron production in electron-positron collisions over di-lepton production

In the quark model, this ratio depends on number of final state quark states (included color) weighted 
by the electric charge: data can only be described is quarks appear in three colors
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Experimental evidence for color - II
Consider the ratio of hadron production in electron-positron collisions over di-lepton production

This scaling is violated by perturbative QCD corrections, which we will compute later in the course
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Experimental evidence for quarks
 While the quark model was very successful to classify the hadron spectrum, doubts remained about 

whether quarks were fictitious mathematical entities or they had real existence

 Their existence was validated by deep-inelastic scattering electron-proton collisions at SLAC

We will come back to deep-inelastic scattering later in the course

p

The kinematics of DIS are defined by the invariants

The kinematics of DIS are defined by the invariants

Scaling is the result that DIS cross-section when Q2 is 
>few GeV scales with the canonical dimension, without 
dependence on !S as in lower energy strong interactions

This behavior is the expected one in renormalizable 
QFTs with a dimensionless couplings, like QED

-> For scales >> !S, the strong interactions behaves as 
QED, with quarks playing the role of electrons



Juan Rojo                                                                                                           University of Oxford, 28/04/2014

Experimental evidence for quarks
 While the quark model was very successful to classify the hadron spectrum, doubts remained about 

whether quarks were fictitious mathematical entities or they had real existence

 Their existence was validated by deep-inelastic scattering electron-proton collisions at SLAC

DIS structure functions directly related  to the energy distribution of quarks in the proton
Scaling is violated by corrections proportional to the perturbative strong coupling

p

The kinematics of DIS are defined by the invariants

This behavior is the expected in renormalizable QFTs 
with a dimensionless coupling, like QED

-> For scales >> !S, the strong interactions behaves as 
QED, with quarks playing the role of electrons
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Summary
 The behavior of the strong interaction and the hadron spectrum puzzled physicists for decades

 In the 60s and early 70s, the quark model was developed to describe a wide variety of strong 
interaction data, from deep-inelastic scattering to the R ratio and the hadron spectrum 

 QCD, as a non-abelian renormalizable Quantum filed Theory was born in 1973, with the calculations 
by Gross, Wilczek and Politzer showing that the theory is asymptotically free, as required by data

The kinematics of DIS are defined by the invariants


