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Objectives of these lectures

� Introduce basic theoretical methods in quantum chromodynamics
(QCD)

1. perturbation theory for hard scattering

2. determination of nonperturbative QCD functions

� convey the richness of ideas encountered in modern QCD � contributed
by diverse branches of theory, experiment, and mathematics

Selection of topics and publications is far from complete � my apologies!
Complementary material can be found in lectures at 2014 CTEQ school in
Beijing (www.cteq.org) and 2014 CTEQ-DESY workshop �Proton structure
in the LHC era� (http://bit.ly/1vuvpGK).
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QCD is fascinating and important

QCD is the only non-Abelian quantum �eld theory that can be
experimentally tested in several phases. It is also the base theory for the
majority of measurements at the LHC and other facilities.

Since its inception in 1973 by Gross, Wilczek, and Politzer, perturbative
QCD has developed into a precise theory that will soon predict the key
LHC cross sections with about 1% accuracy.

We will have di�culty understanding new physics if we don't understand
QCD.
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Higgs boson discovery in world news

The quick discovery of the Higgs boson resulted from precise understanding
of hadronic interactions, which is also essential for future LHC
measurements.
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Higgs searches require accurate QCD calculations
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Continuous backgrounds are large in
most Higgs searches; must be
predicted with accuracy of
< 5− 10% in order to identify the
nature of Higgs boson
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Which Higgs mechanism is it?

Now that the candidate Higgs particle is discovered, an ambitious program
is underway to pin down the mechanism of electroweak breaking. It will
require a combination of precision measurements of...

� ... Higgs mass and couplings of the Higgs excitation to SM particles;

� ... masses MW and Mt of W boson and t quarks, sensitive to the
interactions with Higgs via loop e�ects;

... and searches for sequential Higgs resonances predicted by
supersymmetry and other new physics models.
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Meta-stability of vacuum in the Standard Model

In the absence of non-SM particles, stability of EM vacuum at high scales
can be estimated from the measured values of MH = 125.7± 0.4
Mpole
t = 176± 4, and MW = 80.385± 0.015 GeV. With the current MH ,

Mt, and MW , the vacuum is predicted to be meta-stable at about 1012

GeV. Mt must be measured to about 1 GeV to con�dently conclude on the
vacuum stability.
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Constraints on the supersymmetric parameter space

Precision measurements on MH , MW , Mt can distinguish between SM and
its popular extensions, such as supersymmetry

EW �ts + direct Higgs searches
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Determination of Mt,MW is highly
non-trivial: even simplest processes
involve multiple particle production.
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Does the total rate in H → γγ exceed the SM prediction?
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Does the total rate in H → γγ exceed the SM prediction?
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No. It's easy to notice the Higgs
resonance. It's hard to predict its
true height in decays into isolated
photons.
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Production of a Higgs boson
and decay into two high-pT photons

Long green lines indicate isolated γ′s, selected to be away from prominent

hadronic activity. But there are still some soft particles around each γ ⇒
enhanced radiative contributions from all αs orders ⇒ must be evaluated using

all-order resummation or a showering program
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QCD calculations for LHC processes

A H → γγ event at CMS

g





p

p

g

H

+:::

The lowest-order Feynman diagram

The simplest calculation you can set up
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Question to the audience (1 minute)

Which features of QCD make perturbative calculations possible? Suggest
2-3 features.
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Essential concepts of QCD

1. Asymptotic freedom of quarks and gluons at large energy (short
distance)

2. Con�nement of quarks and gluons at small energy
(large distance)

3. Infrared safety of some QCD observables

4. Factorization of high-energy and low-energy contributions
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1. Asymptotic freedom of strong interactions

� Strong interactions are extremely intensive at small energies;
weaken at large energies

αs = g2s/4π

� At E > 1 GeV, the proton or another hadron
(bound state) is a loosely bound system of partons
(quarks and gluons)

� hard scatterings of partons are independent from
one another

� probability of emissions quickly reduces with the number of emitted
particles ⇒ is described by perturbation theory
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2. Con�nement

� Strong interactions are extremely intensive at small energies; weaken
at large energies

αs = g2s/4π

� At E < 1 GeV, partons clump together because of
increasing strength of interaction and phase
transitions

� Probability of partonic emissions grows with the
number of emitted particles ⇒ requires
non-perturbative computations
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Simple visualization: colored quarks and gluons

Atom ⇒ Nucleus ⇒ Nucleon⇒ Partons

As the resolution of the microscope (energy of the probing �eld) increases,
colored quarks and gluons are observed inside colorless systems
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Bare QCD amplitudes are singular both in UV and IR limits. �E�ective
�eld theory� and renormalization group analysis quantify the UV and IR
contributions by introducing the scale-depependent coupling αs(µ) and
nonperturbative functions fa(x, µ).













Example 1: QCD factorization for H → γγ process

A. Cross section σpp→H→γγ for pro-
duction and decay of H, e.g. via
g + g → H; at lowest order in gs

g





p

p

g

H

+:::

σpp→H→γγ = σgg→H→γγfg/p(x1,MH)fg/p(x2,MH) + ...

� σgg→H→γγ is the cross section for scattering of two gluons; can be
computed as a perturbation series in gs, at least formally

� fg/p(x, µ) is the probability to a �nd a gluon g with momentum x~P in

a proton with momentum ~P (
∣∣∣~P ∣∣∣ ≈ E ≈ µ > 1 GeV); fg/p(x, µ) is

nonperturbative (no full calculation yet)
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NNLO predictions for gg → H
Anastasiou, Melnikov, Petriello, 2002-05

In gg → Higgs, convergence of the series in αs is relatively slow. NNLO
computations and/or NNLL resummations are mandatory.
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Example 2: Factorization for the γγ background

B. Cross section (probability)
σpp→γγ for pp → γγ via conven-
tional channels, at the lowest order
in gs

�q

p

p

q





+:::

σpp→γγ =
∑

q=u,d,s...

[
σqq̄→γγfq/p(x1)fq̄/p(x2) + (q ↔ q̄)

]
...

� σqq̄→γγ (σgg→H→γγ) is the cross section for qq̄ scattering;
perturbative!

� fq/p(x, µ) is the probability to a �nd a quark q in the proton;
nonperturbative!

� Other scattering channels (�...�) are formally suppressed by gs
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Invariant mass distributions of γγ pairs

D0-Run2, PLB725 (2013) 6 CMS, Eur.Phys.J. C74 (2014) 11

Data vs. theory up to NNLO (2γNNLO). D0 cuts out poorly controlled
QCD contributions from ∆ϕ < π/2. No such cut is applied by CMS.
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Factorization of QCD cross sections
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The very basic picture
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Factorization of QCD cross sections
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Accuracy of hard QCD cross sections must be matched by the accuracy of
PDFs
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Perturbative QCD loop revolution

Since 2005, �generalized unitarity� and related methods dramatically
advanced the computations of perturbative NLO/NNLO/N3LO hard cross
sections.
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�Impossible� tt̄ total cross sections at NNLO have
been computed

Bärnreuther, Czakon, Fiedler, Mitov
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Theoretical methods for modern PQCD
Traditional analytic derivation of squared matrix elements |M |2 fails ⇒
Too complex expressions

Modern approaches derive scattering amplitudes M using recursive
and numeric techniques, massively parallel computations

� Recursive evaluation of Feynman integrals (La Porta algorithm)

� Reduction of tensor structures in Feynman integrals
(Denner,Dittmaier;Binoth,Ciccolini,Heinrich;...)

� Construction of Feynman amplitudes based on generalized unitarity
(Bern, Dixon, Dunbar, Forde, Kosower; Britto, Cachazo, Feng; Badger; Ellis, Giele, Kunzst, Melnikov, Zanderighi;
Ossola, Papadopoulos, Pittau;...)
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Theoretical methods for modern PQCD
Traditional analytic derivation of squared matrix elements |M |2 fails ⇒
Too complex expressions

Identi�cation and removal of IR singularities

1. Soft and colinear subtractions

NLO: Catani-Seymour dipole formalism

NNLO: antenna subtraction
(Boughezal, Daleo,Gehrmann-De Ridder, Gehrmann, Glover, Luisoni, Maitre, Monni, Pires, Ritzman)

2. Phase space slicing

NLO: many implementations

NNLO: FKS-improved sector decomposition
(Czakon; Boughezal,Melnikov,Petriello);

QT -dependent slicing (Czakon] [Boughezal,Melnikov,Petriello]Catani, Grazzini,...)
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Example 3: Hadronic jet production at ATLAS
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Structure of the collision event
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Structure of the collision event
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Structure of the collision event

Jet hard cross
sections are known
at NLO. An NNLO
calculation is in
progress and requires
completely new
techniques that have
not been available
even at NLO.
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Fixed-order corrections at NNLO

Slide by M. Schulze, 2014 CTEQ-DESY school
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Fixed-order corrections at NNLO
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X = { two-loop, double real, one-loop single real, one-loop squared }

One major difficulty at NNLO: 
Extraction of (infrared) 1/ε poles

[J.Currie]

Fixed-order corrections at NNLO

Slide by M. Schulze, 2014 CTEQ-DESY school



  

● Most Recent progress for 2→2 processes at NNLO with colored initial and 

    final state was only possible thanks to the appearance of new techniques. 

●  None of the methods used for  pp → V,H  and  pp → VV, VH, HH would work 

     for any of the pp → jj, Hj, ttbar, tj processes. Bottleneck: extraction of poles

●  New techniques:

        - “FKS-improved sector decomposition”  

         - “Antenna subtraction method”

  [Czakon]
  [Boughezal,Melnikov,Petriello]

  [Boughezal, Daleo,Gehrmann-De Ridder, Gehrmann,
 Glover, Luisoni, Maitre, Monni, Pires, Ritzman]

Fixed-order corrections at NNLO

partitioning of the phase space + clever parameterization

sophisticated version of dipole subtraction at NNLO

Slide by M. Schulze, 2014 CTEQ-DESY school



Preliminary NNLO jet cross sections

Note that this comparison uses a non-optimal QCD scale equal to pT of
the hardest jet. This may enhance the NNLO correction, as compared to
the conventional scale equal to pT of the single-inclusive jet in the bin.
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Structure of the collision event

Dramatic advances
in jet algorithms and
understanding of jet
structure.
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Next lecture: Parton distribution functions

Where PDFs come from? ⇒ Global
QCD analysis

How to use them properly?
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