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What these lectures won’t cover:
Historical introduction to QCD
(quark static model, SU(3)F )
Lattice QCD
Hadron spectroscopy (no
pentaquarks!)
Quark-Gluon plasma (QGP)

Some references to:
QCD in e+e− collisions
Deep Inelastic Scattering (DIS) From LHCb experiment

arXiv1507.03414
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Physics Processes at LHC (ATLAS) (Run1: 7 and 8 TeV)

QCD is the toolbox for discoveries at the LHC
Antonio Sidoti QCD
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Searches for Physics Beyond Standard Model
Searches for dijet mass resonances

“SM background” is mainly
from QCD
Not only Breit-Wigner but also
“dips” due to interference
effects
Shape and normalization from
fit to sidebands (etc...)

Angular searches for BSM

χ = exp{2|y?|}
Shape and normalization from
fit to data

Although background contribution is data driven a precise prediction of
QCD is fundamental to assess physics BSM (cf lecture on Susy and
Exotics).

Antonio Sidoti QCD
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QCD

Quantum Chromodynamics is:
one of the pillars of the Standard Model.
the theory of quarks, gluon and their interactions (Strong interaction):
central to modern colliders (LHC)
SM → gauge theory based on the SUC (3)⊗ SU(2)⊗ U(1)Y group
SUC (3) is the color group for QCD
SUC (3) is an exact symmetry
SU(2)⊗ U(1)Y is the electroweak symmetry group → ( Standard Model
and Higgs lectures)

Antonio Sidoti QCD
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QCD and Hadrons

Up to few weeks ago (and still TBC !) quarks can be combined in
color-less mesons and baryons (singlets of SUC (3))

Antonio Sidoti QCD
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QED vs QCD
Gauge group
U(1) SU(3)
Charge
electric charge e color es (three colors)
Mediator
1 photon A 8 gluons g
Lagrangian
L = − 1

4 FµνFµν +
∑

ψ
ψ̄(iD\ − mψ)ψ L = − 1

4

∑8
A=1

F AµνF A
µν+

. +
∑nf

j=1
q̄j (iD\ − mj )qj

Fµν = ∂µAν − ∂νAµ F A
µν = ∂µgA

ν − ∂νgA
µ − es CABC gB

µgC
ν

D\ = Dµγ
µ

Dµ = ∂µ − ieAµQ Dµ = ∂µ − iesgµ
. gµ =

∑
A TAgA

µ

αQED = e2

4π αs = e2
s

4π

Antonio Sidoti QCD
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QCD Lagrangian

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Feynman Graphs (I)
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Feynman Graphs (II)

QCD only: triple and quartic gluon vertices:
From non commutative of SU(3) matrices:

Antonio Sidoti QCD
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Example: quark gluon vertex

What ψ̄b(−igStA
baγµ)ψa means?

( 0 1 0 )︸ ︷︷ ︸
ψ̄b

 0 1 0
1 0 0
0 0 0


︸ ︷︷ ︸

t1
ab

 1
0
0


︸ ︷︷ ︸

ψa

+( 0 1 0 )

 0 −i 0
i 0 0
0 0 0


︸ ︷︷ ︸

t2
ab

 1
0
0

+. . .

gluon emission change the color of the quark

Antonio Sidoti QCD
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Some Useful Formulas

from G. Salam lectures at Maria Laach
Antonio Sidoti QCD
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Vacuum polarization
In QED electron and positron virtual clouds effectively screen the electric
charge:

Probe close ⇒ Large effective charge
Probe far ⇒ small effective charge

from “Quark and Leptons” F. Halzen, A.D. Martin
Antonio Sidoti QCD
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Vacuum polarization
In QCD Together with quark-antiquark virtual clouds there are also pure
gluon loops:

Probe close ⇒ small effective charge (Asymptotic Freedom)
Probe far ⇒ large (infinite) effective charge (Confinement)

Antonio Sidoti QCD
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Perturbation theory

If αs � 1 expansion is αs order is possible:

O = αs + α2
s︸︷︷︸

small

+ α3
s︸︷︷︸

smaller

+ . . .︸︷︷︸
negligible

= LO + NLO + NNLO + . . .

However if αs is large (momentum ∼ ΛQCD ) power series is not
convergent ⇒ cannot use perturbative approach. pQCD doesn’t hold
anymore.
⇒ need alternative approaches (e.g. Lattice QCD, phenomenological
approaches, . . .)

Antonio Sidoti QCD
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Consequences
While we can observe electrons, muons in nature, quarks and gluons cannot be
observed as free charges (except top quark).

a quark-antiquark pair is created in the final state
color lines stretches so much that new qq̄ pairs pop-out from vacuum
(typical energies ∼ Q)
process is repeated until Q ∼ ΛQCD ∼ O(∼ 100MeV )
Hadronization occurs to form physical particles (mesons, baryons) ⇒ this is
a non-perturbative process

Antonio Sidoti QCD
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Renormalization
UV Singularities
Let’s consider gluon-quark vertex.

Tree-level (Born-level or
Leading Order (LO)
graph)

Need to add gluon
propagator loops....

and vacuum polarization
graphs.

These are only second order graphs (Next to Leading Order (NLO)). Also present
third (NNLO) etc.
Each loop →

∫ +∞
k=0 d4k

Each additional vertex → (igs) (that is √αs → |M|2 → αs)

Antonio Sidoti QCD
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Quark Energy One Loop

As an example let’s calculate quark
propagator at one loop: Use Feynman
gauge (ξ = 1):

δij
i

p\ −m →∫ d4k
(2π)4 (igs)γµT a

ikδkl
i

p\ − k\ −m + iε (igs)γνT b
lj δab

(−i)gµν
k2 + iε

= CF
g2

s
i

∫ d4k
(2π)4

γµ(p\ − k\+ m)γµ
k2((p − k)2 −m2)

where CF = N2
c − 1
2Nc

for SU(Nc ) and(T aT a)ij = δij CF

∼
∫

d4k k\
k2k2 ∼

∫
k3dk k

k4 ∼
∫

dk

that is divergent when integration bound goes to ∞. ⇒ Ultraviolet (UV)
divergence

Antonio Sidoti QCD
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Regularization

[shrink=10] To handle UV divergences need a regularization procedure.
Two strategies:

cu-off regularization. All calculations are carried out up to a finite
momentum K . Limit to +∞ is performed later.
Dimensional regularization. Note that integral is divergent in 4D but
convergent in 2D. ⇒ expand in continuous ε = (4− D)/2.
Appearance of single poles for ε→ 0. This is the one normally used
in QCD

Generic N−loop amplitude IN :

IN =
N∑

n=0

(αs
4π

)2 Cn
εn +O(ε)

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Renormalization
Pragmatic strategy to deal with UV divergencies:

Start from original Lagrangian L
For each order in αs identify divergent diagrams.
Add counterterms in the original Lagrangian such to cancel divergent
diagrams.

Lrenorm = L+ L(1)
counter + L(2)

counter + . . .

= L+ Lcounter

Luckily Lcounter can be expressed as L by replacing (rescaling, renormalizing)
m→ m0 = Zmm, ψ → ψ0Z 1/2

ψ , αs → αs0µ
ε, etc.

Lcounter is still gauge invariant provided all this ZX factors depend on single
renormalization Zg factor such that Zg = αS0

αsµεR
(Becchi-Rouet-Stora

Theorem)
We have now a divergent free Lagrangian that is now dependent on µR
(dimension of a mass). µR is called Renormalization scale.

Antonio Sidoti QCD
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Different criteria to cancel out divergent diagrams: renormalization schemes.
Most common are MS, M̄S, on mass-shell scheme, etc.

Two arbitrary choices:
choice of µR renormalization scheme
choice of renormalization scheme

Note that physical observables are independent on choice of µR and scheme
But truncated expansion are NOT!

A generic observable R
(
Q2/µ2, α

)
cannot depend on µR .

Any change in µR is compensated by a change in αs

µ
d

dµ2 R
(
Q2/µ2, α

)
=

(
µ2 ∂

∂µ2 + µ2 ∂α

∂µ2
∂

∂α

)
R = 0

witht = log
(

Q2

µ2

)
and β(α) = µ2 ∂α

∂µ2(
∂

∂t + β(α) ∂
∂α

)
R = 0

∂α

∂t = β(α) or Q2 ∂α

∂Q2 β(α)

These are called Renormalization Group Equation (RGE).
Antonio Sidoti QCD
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Running Coupling Constant

from
H. Jung lectures: (QCD and collider physics) Desy Lectures

Antonio Sidoti QCD
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α running in QCD
Limiting to 1-loop:

αs = αs(µ2)
1 + αs (µ2)

12π (33− 2nf ) log Q2

µ2

Defining

Λ2
QCD = µ2 exp

(
−12π

(33− 2nF )αs(µ2)

)
' O(200)MeV

Running coupling

αs = 12π
(33− 2nf ) log Q2

Λ2
QCD

2004 Nobel prize: Gross, Politzer and Wilczek

Antonio Sidoti QCD
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α running in QCD

from Particle Data Group

from Particle Data Group
Note that also in QED αem is running
but with different sign of β=function
(Remember αem(0) = 1/137):

αem(Q2) = αem(µ2)
1 + β0α(µ2) ln(Q2/µ2)

with β0 = − 1
3π

from L3 hep-ex/0507078

Antonio Sidoti QCD
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µR dependency

pp̄ →
tt̄ cross section at

√
s = 1.8 TeV

σtt̄,LO ∈ [5.5, 2.8] for mt/2 < µR < 2mt
σtt̄,NLO ∈ [4.8, 5.1] for mt/2 < µR < 2mt

bb̄
hadroproduction cross section at

√
s = 39.2

GeV σbb̄,LO ∈ [∼ 8,∼ 24] for
mb/2 < µR < 2mb
σbb̄,NLO ∈ [∼ 16,∼ 28] for
mb/2 < µR < 2mb

from Bonciani et al. hep-ph/9801375
Physics observables are not dependent on µR but truncated calculations do!
Improves going from LO to NLO (an NNLO!)

Antonio Sidoti QCD
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Infrared (IR) Divergencies
Consider process e+e− → qq̄g through photon annihilation:

Kinematics in the center-of-mass
frame:

q = p1 + p2

= k1 + k2 + k3

q2 = qµqµ = s
Ei = k0

i

xi = Ei√
s/2

energy fraction

= 2q · ki
s

Note that x1 + x2 + x3 = 2→ only two xi are independent. After some
calculation the cross section can be expressed as:

d2σ

dx1dx2
= σ0

2αs
3π

x2
1 + x2

2
(1− x1)(1− x2)

where σ0 = σ(e+e− → hadrons) = 3π
α2

s

∑
e2

i .
Antonio Sidoti QCD
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Infrared (IR) Divergences

Divergences on the boundaries of
kinetically allowed region. Origin is
in the quark propagator

∼ 1
(k1 + k2)2 →

1
2E1E3(1− cos θ31)

colinear divergence θ13 → 0
soft divergence E3 → 0

The e+e− → qqg cross section becomes logarithmic divergent:

dσ
dE3d cos θ31

= σ0
2αs
3π

f (E3, θ31)
E3(1− cos θ31)

Now remember Heisemberg uncertainty principle ∆E∆t ∼ 1 IR divergences are
connected to long time scales compared to qq̄ production.

Antonio Sidoti QCD
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Observables infrared and collinear (IRC) safe

How to deal with IR divergences?:
Resummation to all order (similar to UV) (In some case even
regularization is not needed). e.g. gluon multiplicity
Calculation (and measurement) of IRC safe observables.

Important
For an observable’s distribution to be calculable in ( fixed order )
perturbation theory, the observable should be infrared-safe, i.e.
insensitive to the emission of soft or collinear gluons. In particular if ~pi is
any momentum occurring in its definition, it must be invariant under the
branching:

~pi → ~pj + ~pk

whenever ~pj and ~pk are parallel (collinear) or one of them is small
(infrared) (from QCD and Collider Physics (Ellis, Stirling Webber))

Antonio Sidoti QCD
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Example of Observables
Gluon multiplicity is NOT IRC safe (but can be resummed to all
orders)

< Ng > ∼
∑

n

1
(n!)2

(
CA
πb ln Q

Λ

)n

∼ exp
√

4CA
πb ln Q

Λ with CA = 3 and Λ = 220MeV

Energy of hardest particle is not IRC safe
Energy flow into a cone is IRC safe (Sterman-Weinberg jets)

Antonio Sidoti QCD
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A proton-proton collision
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MonteCarlo Simulations
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Some Montecarlo programs
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Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp → Z + N jets with N = 0, 1, 2 .

Cartoon from G. Salam lectures at Maria Laach

Antonio Sidoti QCD
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Parton Shower and Hadronization
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Factorization (Theorem)

Cross section for σ(pp → ZH)

Naive version:

σ =
∫

dx1fq/p(x1)
∫

dx2fq̄/p̄(x2)σ̂(x1p1, x2p2)

Factorization:
hard part σ̂(x1p1, x2p2)
non perturbative part from parton distribution functions (PDF)

At present we can’t calculate PDF from first principles ⇒ input from
experimental fit (mainly Deep Inelastic Scattering experiments and
neutrino scattering)

Antonio Sidoti QCD
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Deep Inelastic Scattering

Since Rutherford’s experiment, scattering is
one of the most important tool to
understand matter constituents.

DIS kinematics:

s = (e + p)2

q = e − e′

Q2 = −q2

y = q · p
e · p

W 2 = (q + p)2

x = Q2

2p · q

Use proton rest frame:

p = (M,~0) ν = p · q
M = E − E ′
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Measuring differential cross section:(
d2σ

dE ′dΩ

)
=
(

dσ
dΩ

)
Mott{

W2(Q2
, x) + 2W1(Q2

, x) tan2
(
θ

2

)}
that can be rewritten as:

dσ
dxdy

=

=
4πα2s

Q4

[
xy2F1 + (1− y)F2

]
with F1 = MW1 and F2 = νM2

At large x F2 is almost independent from q2 ⇒ Björken scaling.
Can also use W as probe in νp DIS
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Parton Distribution Functions

Check momentum sum-rule at
(HERA collider ep):∑

i

∫
xqi (x)dx = 1

uv 0.267
dv 0.111
us 0.066
ds 0.053
ss 0.033
cc 0.016

Total 0.546
What is missing?

THE GLUON
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Parton Distribution Functions

Check momentum sum-rule at
(HERA collider ep):∑

i

∫
xqi (x)dx = 1
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dv 0.111
us 0.066
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ss 0.033
cc 0.016

Total 0.546
What is missing?
THE GLUON
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Initial State Splitting
Evaluate cross section after hard process splitting occurs:

σg+h(p) ' σh(p)αsCF
π

dz
1− z

dk2
t

k2
t

where E = (1− z)p
and kt = E sin θ ' Eθ

We have to consider also virtual graphs:

σV +h(p) ' −σh(p)αsCF
π

dz
1− z

dk2
t

k2
t

Total contribution is:

σg+h(p) + σV +h(p) ' αsCF
π

∫ Q2

0

dk2
t

k2
t︸ ︷︷ ︸

divergent

∫ 1

0

dz
1− z [σh(zp)− σh(p)]︸ ︷︷ ︸

finite

BUT we can’t go down to kt = 0!
Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Collinear cut off

Limiting integral to µ2
F factorization scale (reminiscent to UV divergences

treatment):

σ0 =
∫

dxσh(xp)q(x , µ2)

σ1 ' αsCF
π

∫ Q2

µ2
F

dk2
t

k2
t︸ ︷︷ ︸

finite!

∫ 1

0

dxdz
1− z [σh(zp)− σh(p)]q(x , µ2)︸ ︷︷ ︸

finite
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DGLAP Evolution equations
DGLAP stands for: Dokshitzer, Gribov, Lipatov, Altarelli, Parisi

G. Altarelli and G. Parisi. Nucl.Phys. B126:298 (1977)
Y.L. Dokshitzer. Sov.Phys. JETP 46:641 (1977)
V.N. Gribov, L.N. Lipatov. Sov.J.Nucl.Phys. 15:438 (1972)

Fix the outgoing quark momentum xp and take derivative wrt logµ2.
After some algebra:

dq(x , µ2)
d lnµ2 = 1

δ

 +


= αs

2π

∫ 1

x
dzPqq

q(x/z , µ2
F )

z − αs
2π

∫ 1

0
dzPqq(z)q(x , µ2

F )

where Pqq(z) is the quark splitting to a quark and a gluon. At first order:

Pqq(z) = CF
1 + z2

1− z
Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Full DGLAP
Full DGLAP evolution equation are obtained taking into account also gluon pdf.

d
d lnµ2 = αs(µ2

F )
2π

(
Pq←q Pq←g
Pg←q Pg←g

)
⊗
(

q
g

)
The splitting functions are (only at LO order!):

Pqq(z) = CF
1 + z2

1− z

Pgq(z) = CF

[
1 + (1− z)2

z

]
Pqg (z) = TR [z2 + (1− z)2]

Pgg (z) = 2CA

[
z

(1− z)+
+ 1− z

z + z(1− z)
]

CF = 4
3 ,CA = 3 ,TR = 1

2
Coefficients are now known up to NNLO (crucial to have NNLO pdfs)
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Splitting function at NLO

Splitting functions have been calculated at NLO:

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Splitting function at NNLO

and at NNLO too!
(and you have pages and pages of that!)
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PDFs do vary with Q2 ⇒ Scaling violation occurs increasing Q2
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Parton Distribution Functions

Many PDF sets
available today (updates
frequently):
MRST, CTEQ, NNPDF,
HERAPDF,. . .
Available for LO, NLO
and NNLO

Remarks:
Valence quark distribution peak at larger x ⇒ Heavy states preferentially
produced by qq scattering rather than qq
gluon distribution dominates at small-x PDF for valence quarks (harder) and
sea quarks (softer).
gluon (and sea quark) contribution increases at large Q2 (DGLAP evolution)
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From Hera to LHC
At HERA:

ep collisions with √sep ' 300GeV
(E (e) = 27.5 GeV E (p) = 920 GeV
Q2 and x from kinematics (several
methods)

At LHC:
pp collider with

√
s = 13 TeV.

Q2 is the mass of the produced
particle (e.g. for tt̄ it is 350 GeV)
Colliding x1 and x2 can be extracted
in a pp → ΞM process with:

x1 = MΞ√
s

eyΞ

x2 = MΞ√
s

e−yΞ

y = 1
2 ln E + pZ

E − Pz
(reminder)

DGLAP crucial to get the PDFs for LHC collider.
Small-x important at LHC for production of states with . 100 GeV
x ' 1 crucial for TeV state production (PBSM)
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Factorization Theorem - Improved Version

Taking into account scaling violations:

Cross section for σ(pp → ZH)

Improved version:

σ =
∫

dx1fq/p(x1, µ
2)
∫

dx2fq̄/p̄(x2, µ
2)σ̂(x1p1, x2p2,

Q2

µ2 )
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Parton showers
We need to calculate/model the
momentum spectrum of gluons radiated
from quarks. This is quite similar to
DGLAP evolution equations since it
involved the probability for a quark to
radiate.

In the soft and collinear limit one can show that:

P(no emission above kt) ' 1− 2αsCF
π

∫ Q dE
E

∫ π/2 dθ
θ

Θ(Eθ − kT )

which gives at all order:

P(no emission above kt) ≡ ∆(kT ,Q) ' exp
[
−2αsCF

π

∫ Q dE
E

∫ π/2 dθ
θ

Θ(Eθ − kT )
]

∆(kT ,Q) is called Sudakov factor and it is used to calculate the distribution in
KT of gluons radiating off.
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Interfacing LO (NLO) and Parton Shower
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Double Counting

Clearly double counting in Z + qqLO and Z + qqPS,hard .

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Double Counting

Clearly double counting in Z + qqLO and Z + qqPS,hard .

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Double Counting

Clearly double counting in Z + qqLO and Z + qqPS,hard .

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Double Counting

Clearly double counting in Z + qqLO and Z + qqPS,hard .

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Double Counting

Clearly double counting in Z + qqLO and Z + qqPS,hard .

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Double Counting

Clearly double counting in Z + qqLO and Z + qqPS,hard .
Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Lagrangian and Feynman graphs
Dealing with infinities
Putting all together
Deep Inelastic Scattering

Double Counting
Two recipes available to avoid double counting: MLM
(M.Mangano)[hep-ph/0602031] and CKKW (Catani, Krauss, Kuhn,
Webber) [hep-ph/0109231] and [hep-ph/0205283]
Main idea of MLM: hard jet (PT > PT ,min) originates from hard
scattering.
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Rutherford Experiment
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Mott Cross section
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Form Factors
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Increasing the Energy
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Anomalous Magnetic moment
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Higher probe energies
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Deep Inelastic Scattering

DIS kinematics:

s = (e + p)2

q = e − e′

Q2 = −q2 = 4EE ′ sin2(θ/2)
ν = E − E ′

y = q · p
e · p = ν

E
W 2 = (q + p)2

= M2 − Q2 + 2Mν

x = Q2

2p · q = Q2

2Mν

Use proton rest frame:

p = (M,~0) ν = p · q
M = E − E ′
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Scaling
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Measuring differential cross section:(
d2σ

dE ′dΩ

)
=
(

dσ
dΩ

)
Mott{

W2(Q2
, x) + 2W1(Q2

, x) tan2
(
θ

2

)}
that can be rewritten as:

dσ
dxdy

=

=
4πα2s

Q4

[
xy2F1 + (1− y)F2

]
with F1 = MW1 and F2 = νM2

At large x F2 is almost independent from q2 ⇒ Björken scaling.
Can also use W as probe in νp DIS
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From Hera to LHC
At HERA:

ep collisions with √sep ' 300GeV
(E (e) = 27.5 GeV E (p) = 920 GeV
Q2 and x from kinematics (several
methods)

At LHC:
pp collider with

√
s = 13 TeV.

Q2 is the mass of the produced
particle (e.g. for tt̄ it is 350 GeV)
Colliding x1 and x2 can be extracted
in a pp → ΞM process with:

x1 = MΞ√
s

eyΞ

x2 = MΞ√
s

e−yΞ

y = 1
2 ln E + pZ

E − Pz
(reminder)

DGLAP crucial to get the PDFs for LHC collider.
Small-x important at LHC for production of states with . 100 GeV
x ' 1 crucial for TeV state production (PBSM)
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KT Jet Algorithms
Sequential algorithms are iterative procedures that try to reverse the pattern of QCD gluon
radiation ⇒ IRC safer.
Metrics definition for all i , j physics objects define distance dij and a magnitude diB : and a :

dij = min(p2p
Ti , p

2p
Tj )

∆R2
ij

R2 , ∆R2
ij = (yi − yj )2 + (φi − φj )2

diB = p2p
Ti

1 Choose parameter R (0.4 ≤ R ≤ 1.2)
2 Evaluate dij and diB ∀(i , j) pairs and i particles
3 Find the minimum between dij and diB

If it is dij ⇒ combine together i and j and go back to 1
If it is diB ⇒ i is a jet and remove from list

4 Stop when no particles remain
Depending on p exponent:

p = 1⇒ Classical kT . Favors clustering of soft particles
p = 0⇒ Cambridge/Aachen (CA). Clustering energy independent.
p = −1⇒ anti-KT . Favors clustering of hard particles

Antonio Sidoti QCD



Introduction
Theory

QCD at Work

Jet Reconstruction
Hadronic Jets in LHC
Non Perturbative QCD

Different Jet Clustering at Work
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Boosted jets
Some kinematics m1,m2 ' 0:

m2 = 2E1E2(1− cos θ12)

m2 = E 2

2 (1− cos θ12) if E1 = E2 = E
2

4 m2

E 2 = θ2
12 for small θ12

θ2
12 = 2 m

E = 2
γ

⇒ jet from a N−body decay
need to be large and has some
substructure that can be used to
reduce contribution from normal
jets.
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Boosted taggers
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Boosted taggers
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ATLAS Calorimetry
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Jet Calibration
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PileUp Corrections
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ATLAS Jet Vertex Tagger
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In-situ calibrations
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Jet Energy Scale (JES) Uncertainties
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Perturbative vs Non Perturbative QCD
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Diffraction at hadron colliders
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Asymmetric Events
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σ(pp) vs
√

s
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Measuring σ(pp) with ALFA
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ALFA detector
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From dσ
dt to σ(pp) measurement
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Further development (AFP)
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Rapidity Gaps
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Per aspera ad astra I

Handbook of Perturbative QCD (from CTEQ Collaboration) CTEQ Handbook

Quantum Chromodynamics (G. Dissertori, I.G. Knowles and M. Schmelling) Oxford
University Press

Introduction to QCD (P. Skands) QCD

Elements of QCD for hadron colliders (G. P. Salam) QCD

QCD and Collider Physics (R.K. Ellis, W.J. Stirling and B.R. Webber) Cambridge University
Press
A QCD Primer (G. Altarelli) arXiv:hep-ph/0204179

Particle Data Group 2014 (from PDF Collaboration) PDG

Towards Jetography (G. P. Salam) arXiv:0906.1833

Quantifying the performance of jet definitions for kinematic reconstruction at the LHC (G.
P. Salam et al.) arXiv:0810.1304

Predictive Monte Carlo tools for LHC physics (F. Maltoni) Lectures on MC

LHC detector papers http://jinst.sissa.it/LHC/

CMS Jet Energy Scale paper http://iopscience.iop.org/1748-0221/6/11/P11002/

ATLAS JES paper http://arxiv.org/abs/1406.0076
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SU(3)

One convention is: T A ≡= 1
2λ

A

Structure constant:
[T a,T b] = iC abc T c

C 123 = 1
c458 = C 678 =

√
3/2

C 147 = C 165 = C 246 = C 345 = C 376 = C 257 = 1/2
all others are null

Tr(T aT b) = 1
2δab
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MC@NLO
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Jet Algorihms in past and present experiments
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Jet Clustering Algorithm Optimization
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Noise in ATLAS Calorimeters
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