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Picture becomes more 
complex, but original 

physics remains  

(skeleton process has 
been dressed up and is no 

longer directly visible)

Event Generators 
to the rescue!
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MC Event Generator

Problem 1

Problem 2

Factorization into simpler (and 
reasonably accurate) components

…

Output

‘events’

Same average behaviour and 
fluctuations as real data 

Detector Simulation GEANT

Detector performance (propagation, 
magnetic field, shower calorimeter, 
….)

Final Output

Same format as the real data 
recorded by the detector
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Hard Process
‣ Simple high energy process, like 2→1, 2→2, 2→3, … that can be calculated 

analytically from first principles:
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Hard Process
‣ Simple high energy process, like 2→1, 2→2, 2→3, … that can be calculated 

analytically from first principles:

‣ What gives the main characteristics of the event 

‣ SM: Hard QCD, Soft QCD, Heavy-Flavour, DIS, W/Z, Higgs 
Production… 

‣ BSM: Technicolor, Compositeness, SUSY, …

‣ Given the topology and kinematics, one can evaluate the cross-section, σ.
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Parton Distributions
‣ Initial topology and kinematics is not fixed, but rather sampled from the 

parton distribution of the two incoming protons…
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Parton Distributions
‣ Initial topology and kinematics is not fixed, but rather sampled from the 

parton distribution of the two incoming protons… 

‣ Cross-section for a process ij → k:
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Of course, the above ‘resonance’ terminology is arbitrary. A ρ, for instance, could
also be called a resonance, but not in the above sense. The width is not perturbatively
calculable, it decays to hadrons by strong interactions, and so on. From a practical point
of view, the main dividing line is that the values of — or a change in — branching
ratios cannot affect the cross section of a process. For instance, if one wanted to consider
the decay Z0

→ cc, with a D meson producing a lepton, not only would there then
be the problem of different leptonic branching ratios for different D’s (which means that
fragmentation and decay treatments would no longer decouple), but also that of additional
cc pair production in parton-shower evolution, at a rate that is unknown beforehand. In
practice, it is therefore next to impossible to force D decay modes in a consistent manner.

2.1.3 Parton Distributions

The cross section for a process ij → k is given by

σij→k =
Z

dx1

Z
dx2 f1

i
(x1) f2

j
(x2) σ̂ij→k . (1)

Here σ̂ is the cross section for the hard partonic process, as codified in the matrix elements
for each specific process. For processes with many particles in the final state it would
be replaced by an integral over the allowed final-state phase space. The fa

i
(x) are the

parton-distribution functions, which describe the probability to find a parton i inside
beam particle a, with parton i carrying a fraction x of the total a momentum. Actually,
parton distributions also depend on some momentum scale Q2 that characterizes the hard
process.

Parton distributions are most familiar for hadrons, such as the proton, which are
inherently composite objects, made up of quarks and gluons. Since we do not understand
QCD, a derivation from first principles of hadron parton distributions does not yet exist,
although some progress is being made in lattice QCD studies. It is therefore necessary
to rely on parameterizations, where experimental data are used in conjunction with the
evolution equations for the Q2 dependence, to pin down the parton distributions. Several
different groups have therefore produced their own fits, based on slightly different sets of
data, and with some variation in the theoretical assumptions.

Also for fundamental particles, such as the electron, is it convenient to introduce parton
distributions. The function f e

e (x) thus parameterizes the probability that the electron that
takes part in the hard process retains a fraction x of the original energy, the rest being
radiated (into photons) in the initial state. Of course, such radiation could equally well be
made part of the hard interaction, but the parton-distribution approach usually is much
more convenient. If need be, a description with fundamental electrons is recovered for
the choice f e

e (x,Q2) = δ(x − 1). Note that, contrary to the proton case, electron parton
distributions are calculable from first principles, and reduce to the δ function above for
Q2
→ 0.
The electron may also contain photons, and the photon may in its turn contain quarks

and gluons. The internal structure of the photon is a bit of a problem, since the photon
contains a point-like part, which is perturbatively calculable, and a resolved part (with
further subdivisions), which is not. Normally, the photon parton distributions are there-
fore parameterized, just as the hadron ones. Since the electron ultimately contains quarks
and gluons, hard QCD processes like qg→ qg therefore not only appear in pp collisions,
but also in ep ones (‘resolved photoproduction’) and in e+e− ones (‘doubly resolved 2γ
events’). The parton distribution function approach here makes it much easier to reuse
one and the same hard process in different contexts.

There is also another kind of possible generalization. The two processes qq→ γ∗/Z0,
studied in hadron colliders, and e+e− → γ∗/Z0, studied in e+e− colliders, are really special
cases of a common process, ff → γ∗/Z0, where f denotes a fundamental fermion, i.e. a

13

proton “1” proton “2”



Parton Distributions
‣ Initial topology and kinematics is not fixed, but rather sampled from the 

parton distribution of the two incoming protons… 

‣ Cross-section for a process ij → k:

 12

Of course, the above ‘resonance’ terminology is arbitrary. A ρ, for instance, could
also be called a resonance, but not in the above sense. The width is not perturbatively
calculable, it decays to hadrons by strong interactions, and so on. From a practical point
of view, the main dividing line is that the values of — or a change in — branching
ratios cannot affect the cross section of a process. For instance, if one wanted to consider
the decay Z0

→ cc, with a D meson producing a lepton, not only would there then
be the problem of different leptonic branching ratios for different D’s (which means that
fragmentation and decay treatments would no longer decouple), but also that of additional
cc pair production in parton-shower evolution, at a rate that is unknown beforehand. In
practice, it is therefore next to impossible to force D decay modes in a consistent manner.

2.1.3 Parton Distributions

The cross section for a process ij → k is given by

σij→k =
Z

dx1

Z
dx2 f1

i
(x1) f2

j
(x2) σ̂ij→k . (1)

Here σ̂ is the cross section for the hard partonic process, as codified in the matrix elements
for each specific process. For processes with many particles in the final state it would
be replaced by an integral over the allowed final-state phase space. The fa

i
(x) are the

parton-distribution functions, which describe the probability to find a parton i inside
beam particle a, with parton i carrying a fraction x of the total a momentum. Actually,
parton distributions also depend on some momentum scale Q2 that characterizes the hard
process.

Parton distributions are most familiar for hadrons, such as the proton, which are
inherently composite objects, made up of quarks and gluons. Since we do not understand
QCD, a derivation from first principles of hadron parton distributions does not yet exist,
although some progress is being made in lattice QCD studies. It is therefore necessary
to rely on parameterizations, where experimental data are used in conjunction with the
evolution equations for the Q2 dependence, to pin down the parton distributions. Several
different groups have therefore produced their own fits, based on slightly different sets of
data, and with some variation in the theoretical assumptions.

Also for fundamental particles, such as the electron, is it convenient to introduce parton
distributions. The function f e

e (x) thus parameterizes the probability that the electron that
takes part in the hard process retains a fraction x of the original energy, the rest being
radiated (into photons) in the initial state. Of course, such radiation could equally well be
made part of the hard interaction, but the parton-distribution approach usually is much
more convenient. If need be, a description with fundamental electrons is recovered for
the choice f e

e (x,Q2) = δ(x − 1). Note that, contrary to the proton case, electron parton
distributions are calculable from first principles, and reduce to the δ function above for
Q2
→ 0.
The electron may also contain photons, and the photon may in its turn contain quarks

and gluons. The internal structure of the photon is a bit of a problem, since the photon
contains a point-like part, which is perturbatively calculable, and a resolved part (with
further subdivisions), which is not. Normally, the photon parton distributions are there-
fore parameterized, just as the hadron ones. Since the electron ultimately contains quarks
and gluons, hard QCD processes like qg→ qg therefore not only appear in pp collisions,
but also in ep ones (‘resolved photoproduction’) and in e+e− ones (‘doubly resolved 2γ
events’). The parton distribution function approach here makes it much easier to reuse
one and the same hard process in different contexts.

There is also another kind of possible generalization. The two processes qq→ γ∗/Z0,
studied in hadron colliders, and e+e− → γ∗/Z0, studied in e+e− colliders, are really special
cases of a common process, ff → γ∗/Z0, where f denotes a fundamental fermion, i.e. a
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Of course, the above ‘resonance’ terminology is arbitrary. A ρ, for instance, could
also be called a resonance, but not in the above sense. The width is not perturbatively
calculable, it decays to hadrons by strong interactions, and so on. From a practical point
of view, the main dividing line is that the values of — or a change in — branching
ratios cannot affect the cross section of a process. For instance, if one wanted to consider
the decay Z0

→ cc, with a D meson producing a lepton, not only would there then
be the problem of different leptonic branching ratios for different D’s (which means that
fragmentation and decay treatments would no longer decouple), but also that of additional
cc pair production in parton-shower evolution, at a rate that is unknown beforehand. In
practice, it is therefore next to impossible to force D decay modes in a consistent manner.

2.1.3 Parton Distributions

The cross section for a process ij → k is given by

σij→k =
Z

dx1

Z
dx2 f1

i
(x1) f2

j
(x2) σ̂ij→k . (1)
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2.1. Quantum Chromodynamics 11

this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
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�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.
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this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.

= ⊗

QCD branching

⊗

nPDF i nPDF j

⊗

hard scattering hadronization

⊗
h1

h2

h3

jet
 re

co
ns

tru
cti

on

Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
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the gluon radiation rate have been found [15] to be much smaller that those resulting from the
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colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
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radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
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escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.
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ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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produced in a hard scattering and radiates partons to reduce its virtuality from
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up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by
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where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
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(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).

3

= ⊗

QCD branching

⊗

nPDF i nPDF j

⊗

hard scattering hadronization

⊗
h1

h2

h3

jet
 re

co
ns

tru
cti

on

Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly



Initial- and Final-State Showers
‣ Corrections to generate multi-particle production, 2→3, 2→4, etc…

 14

2.1. Quantum Chromodynamics 11

this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
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colour. Transverse (with respect to the direction defined by the original hard parton) momentum
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momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
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A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
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hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by
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b a

split
(z, Q2) =

↵s(Q2)
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P̂b a(z)dz
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, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N
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(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
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�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).

3

= ⊗

QCD branching

⊗

nPDF i nPDF j

⊗

hard scattering hadronization

⊗
h1

h2

h3

jet
 re

co
ns

tru
cti

on

Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
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�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly

Of course, the above ‘resonance’ terminology is arbitrary. A ρ, for instance, could
also be called a resonance, but not in the above sense. The width is not perturbatively
calculable, it decays to hadrons by strong interactions, and so on. From a practical point
of view, the main dividing line is that the values of — or a change in — branching
ratios cannot affect the cross section of a process. For instance, if one wanted to consider
the decay Z0

→ cc, with a D meson producing a lepton, not only would there then
be the problem of different leptonic branching ratios for different D’s (which means that
fragmentation and decay treatments would no longer decouple), but also that of additional
cc pair production in parton-shower evolution, at a rate that is unknown beforehand. In
practice, it is therefore next to impossible to force D decay modes in a consistent manner.

2.1.3 Parton Distributions

The cross section for a process ij → k is given by

σij→k =
Z

dx1

Z
dx2 f1

i
(x1) f2

j
(x2) σ̂ij→k . (1)

Here σ̂ is the cross section for the hard partonic process, as codified in the matrix elements
for each specific process. For processes with many particles in the final state it would
be replaced by an integral over the allowed final-state phase space. The fa

i
(x) are the

parton-distribution functions, which describe the probability to find a parton i inside
beam particle a, with parton i carrying a fraction x of the total a momentum. Actually,
parton distributions also depend on some momentum scale Q2 that characterizes the hard
process.

Parton distributions are most familiar for hadrons, such as the proton, which are
inherently composite objects, made up of quarks and gluons. Since we do not understand
QCD, a derivation from first principles of hadron parton distributions does not yet exist,
although some progress is being made in lattice QCD studies. It is therefore necessary
to rely on parameterizations, where experimental data are used in conjunction with the
evolution equations for the Q2 dependence, to pin down the parton distributions. Several
different groups have therefore produced their own fits, based on slightly different sets of
data, and with some variation in the theoretical assumptions.

Also for fundamental particles, such as the electron, is it convenient to introduce parton
distributions. The function f e

e (x) thus parameterizes the probability that the electron that
takes part in the hard process retains a fraction x of the original energy, the rest being
radiated (into photons) in the initial state. Of course, such radiation could equally well be
made part of the hard interaction, but the parton-distribution approach usually is much
more convenient. If need be, a description with fundamental electrons is recovered for
the choice f e

e (x,Q2) = δ(x − 1). Note that, contrary to the proton case, electron parton
distributions are calculable from first principles, and reduce to the δ function above for
Q2
→ 0.
The electron may also contain photons, and the photon may in its turn contain quarks

and gluons. The internal structure of the photon is a bit of a problem, since the photon
contains a point-like part, which is perturbatively calculable, and a resolved part (with
further subdivisions), which is not. Normally, the photon parton distributions are there-
fore parameterized, just as the hadron ones. Since the electron ultimately contains quarks
and gluons, hard QCD processes like qg→ qg therefore not only appear in pp collisions,
but also in ep ones (‘resolved photoproduction’) and in e+e− ones (‘doubly resolved 2γ
events’). The parton distribution function approach here makes it much easier to reuse
one and the same hard process in different contexts.

There is also another kind of possible generalization. The two processes qq→ γ∗/Z0,
studied in hadron colliders, and e+e− → γ∗/Z0, studied in e+e− colliders, are really special
cases of a common process, ff → γ∗/Z0, where f denotes a fundamental fermion, i.e. a
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
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Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
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�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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produced in a hard scattering and radiates partons to reduce its virtuality from
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up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by
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b a

split
(z, Q2) =

↵s(Q2)
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P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).

3

= ⊗

QCD branching

⊗

nPDF i nPDF j

⊗

hard scattering hadronization

⊗
h1

h2

h3

jet
 re

co
ns

tru
cti

on

Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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[Collins 1984, Collins 1985a, Collins 1988], and is usually stated as a theorem
with corrections suppressed at very large Q2.

As an example of this theorem, the cross-section of a generic process in
which there is the production of a given hadron, h, per unit of rapidity, y,
and transverse momentum, pT , within the parton model2, can be expressed
as [Collins 1985a]

d2�h

dyd2pT

=

Z
dxadxbfa(xa, µf )fb(xb, µf )

d�ab!c(xapa, xbpb, µ, µf , µ0
f
, pT /z)

dt̂
Dh

c
(z, µ0

f
),

(2.10)

where fa(xa) (fb(xb)) is the parton distribution function (PDF) the probability
to find a parton with a momentum fraction xa (xb) of the initial longitudinal
momentum pa (pb) in the incoming hadron a (b). The quantity that can be
calculated within pQCD is d�/dt̂, the hard partonic cross-section (being t̂ the
Mandelstam variable) for the scattering of partons of type a and b into c. The
fragmentation function (FF) is represented by Dh

c
, with c being the parton

that will hadronize into a hadron h that carries a fraction z of the parton
initial energy. Each quantity depends on a different factorization scale, µ, µf

and µ0
f
, that separates the long distance regime from the short one. The value

of these scales may not be the same.
Furthermore, the parton distributions and the fragmentations functions,

in the factorization formulation, are independent of the specific scattering pro-
cess. Although they cannot be computed from first principles through perturb-
ation theory, they are universal features of the hadrons and can be determined
experimentally. Since they only depend on the flavour and hard scale, Q2, of
the parton, one can use, for instance, the data from e+e� experiments to
measure the FFs, since there is no integration over the PDFs. Afterwards,
they can be applied to hadron-hadron collisions [Binnewies 1995a, Binnew-
ies 1995b, Kniehl 2000].

The observation of Bjorken scaling [Bloom 1969], that for large Q2 the
proton PDFs are independent of Q2 was the inspiration for the parton model.
But in fact, these functions have a weak dependence with Q2, and this effect
is called scaling violation. This dependency arise from the fact that partons
may have radiated gluons before the hard scattering. Since the FFs are the
final-state analog of the PDFs, the same can be understood also for partons
that are produced after the hard scattering - gluon radiation occurs before
clustering together to form the final hadrons. An intuitive explanation of

2The parton model allows to formulate a scattering process in terms of point-like con-
stituents, that are integrated over probability distributions.
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).

3

= ⊗

QCD branching

⊗

nPDF i nPDF j

⊗

hard scattering hadronization

⊗
h1

h2

h3

jet
 re

co
ns

tru
cti

on

Figure 1: The successive stages of jet production in the presence of a medium.

the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).

3

Qhard Q0

Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2

hard
, and so, partons have to decrease this virtuality by radiating

gluons that by its turn can convert into qq̄ pairs leading to a violation of the
Bjorken scaling.
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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the gluon radiation rate have been found [15] to be much smaller that those resulting from the
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emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
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energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
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A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by
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where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
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this evolution can be given in terms of virtuality, Q2 (a schematic view can
be seen in figure 2.4). Partons produced in the hard interactions are virtual
(E2

6= p2, for massless partons) and so, by the uncertainty principle, they can
only exist on very short times. The virtuality Q2 measures the deviation from
the mass-shell and is usually chosen as the virtual mass squared, E2

�p2. The
virtuality immediately after the production in the hard scattering process is
of order Q2
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
assertion has been recently challenged [14] in that interference between initial and final state
radiation was shown to lead to modifications of the angular distribution of the medium induced
gluon spectrum, its validity is widely assumed in jet quenching studies which thus attribute the
origin of modifications of jet observables solely to e�ects imprinted by the medium on the QCD
branching of the hard parton.

Prior to the formation of the hot, dense and coloured medium, which occurs on a timescale
�med � 0.1 fm, the skeleton properties of the jet are defined by vacuum-like hard branchings.
E�ects of the Glasma, the pre-medium coherent state of matter present at this early times, on
the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.

The jet partonic components traverse a typical medium pathlength of a few fermi. During
this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
colour. Transverse (with respect to the direction defined by the original hard parton) momentum
kt transfer leads to the modification of the typical radiation formation time, promoting the early
emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
subtraction).
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the gluon radiation rate have been found [15] to be much smaller that those resulting from the
subsequent propagation through the medium.
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this time, jet-medium interaction proceeds thorough the exchange of both energy-momentum and
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emission of soft and semi-soft gluons, and thus induces additional (to that occurring the vacuum)
gluon radiation. Further, all jet components accumulate, through multiple exchanges, transverse
momentum (kt broadening). Parton energy and momentum can be lost to the medium (elastic
energy loss). Colour exchanges result generically in the modification of the colour correlations
among the partonic fragments and consequently in a disturbance of the coherence properties
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A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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the vacuum case holds also for nuclear collisions, it results that the factorized initial state, shown
schematically in the first box of Fig. 1, is insensitive to the produced medium. Although this
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between successive splittings.

A significant part [16] of the branching process, down to the hadronization scale, occurs after
escape from the medium. While hadronization happens in vacuum, medium induced modifica-
tions of the jet colour structure give rise to a hadronizing system which is, in general, di�erent
from that of a vacuum jet.

Finally, the observable jet is defined by a set of rules on how to group the hadronic frag-
ments (jet algorithm) for given defining parameters (e.g., the jet radius) and, importantly, by a
procedure allowing for its isolation from the large and fluctuating underlying event (background
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Figure 2.4: Schematic view of a parton shower. A virtual fast parton is
produced in a hard scattering and radiates partons to reduce its virtuality from
Q2

hard
up to Q2

0. At this stage, non-perturbative processes become relevant and
the clustering into hadrons takes place.

The evolution with Q2 of such splitting process can be calculated in per-
turbation theory and was first derived by Dokshitzer, Gribov, Lipatov, Al-
tarelli and Parisi [Lipatov 1975, Gribov 1972, Altarelli 1977, Dokshitzer 1977],
leading to the equations that are known by their names, DGLAP evolution
equations. The differential splitting probability for the emission of a parton b
with energy fraction z relative to its parent parton a is given by

dP
b a

split
(z, Q2) =

↵s(Q2)

2⇡
P̂b a(z)dz

dQ2

Q2
, (2.11)

where P̂i j are the unregularized splitting functions that have a probabilistic
interpretation for the process a ! b + c, with the energy fraction z taken
by the parton b. The DGLAP equations are built based on the observa-
tion that the dominant contribution to the splitting probability (eq. (2.11)),
comes from factors of the form ↵s(Q2) ln(Q2/⇤2). This factor can become
large if the emissions are collinear at some scale ⇤, even for small ↵s. So,
for multiple emissions, like shown in figure 2.5, there is an enhancement by
↵N

s
(Q2) lnN(Q2/⇤2), but only for the case where the virtualities are strongly
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[Collins 1984, Collins 1985a, Collins 1988], and is usually stated as a theorem
with corrections suppressed at very large Q2.

As an example of this theorem, the cross-section of a generic process in
which there is the production of a given hadron, h, per unit of rapidity, y,
and transverse momentum, pT , within the parton model2, can be expressed
as [Collins 1985a]

d2�h

dyd2pT

=

Z
dxadxbfa(xa, µf )fb(xb, µf )

d�ab!c(xapa, xbpb, µ, µf , µ0
f
, pT /z)

dt̂
Dh

c
(z, µ0

f
),

(2.10)

where fa(xa) (fb(xb)) is the parton distribution function (PDF) the probability
to find a parton with a momentum fraction xa (xb) of the initial longitudinal
momentum pa (pb) in the incoming hadron a (b). The quantity that can be
calculated within pQCD is d�/dt̂, the hard partonic cross-section (being t̂ the
Mandelstam variable) for the scattering of partons of type a and b into c. The
fragmentation function (FF) is represented by Dh

c
, with c being the parton

that will hadronize into a hadron h that carries a fraction z of the parton
initial energy. Each quantity depends on a different factorization scale, µ, µf

and µ0
f
, that separates the long distance regime from the short one. The value

of these scales may not be the same.
Furthermore, the parton distributions and the fragmentations functions,

in the factorization formulation, are independent of the specific scattering pro-
cess. Although they cannot be computed from first principles through perturb-
ation theory, they are universal features of the hadrons and can be determined
experimentally. Since they only depend on the flavour and hard scale, Q2, of
the parton, one can use, for instance, the data from e+e� experiments to
measure the FFs, since there is no integration over the PDFs. Afterwards,
they can be applied to hadron-hadron collisions [Binnewies 1995a, Binnew-
ies 1995b, Kniehl 2000].

The observation of Bjorken scaling [Bloom 1969], that for large Q2 the
proton PDFs are independent of Q2 was the inspiration for the parton model.
But in fact, these functions have a weak dependence with Q2, and this effect
is called scaling violation. This dependency arise from the fact that partons
may have radiated gluons before the hard scattering. Since the FFs are the
final-state analog of the PDFs, the same can be understood also for partons
that are produced after the hard scattering - gluon radiation occurs before
clustering together to form the final hadrons. An intuitive explanation of

2The parton model allows to formulate a scattering process in terms of point-like con-
stituents, that are integrated over probability distributions.

Fragmentation function (FF) of 
parton ‘c’ into product ‘h’
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ordered, qn < qn�1 < . . . < q0, with other orderings appearing with smaller
powers of ln(Q2/⇤2).CHAPTER 2. BACKGROUND 18
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Figure 2.9: Schematic representation of multiple collinear splittings. The portion of the diagram

shown in red is interpreted as part of the structure of the struck hadron instead of a correction to

the hard matrix element.

The large logarithms are a symptom of interactions far away from the scale at which the coupling

was fixed. Fortunately, these collinear contributions can be resummed by renormalization group

methods. As most of the collinear emissions are well separated in scale from the probe, q0, these

emissions can be reinterpreted as modifying the hadron structure as opposed to corrections to Ca.

This results in a Q-dependence of the PDF that evolves the probe from the hard scale to lower

momentum scales (indicated by the red sub-diagram in Fig 2.9). For the change Q ! Q + �Q the

di↵erential probability of an emission with energy fraction z and transverse momentum Q < p? <

Q + �Q is given by
↵

2⇡

dp
2
?

p2
?

Pa b(z) '
↵

⇡

�Q

Q
Pa b(z), (2.27)

where Pa b(z) is the splitting function for parton of b splitting into type a, and can be computed

from the diagrams shown in Fig 2.10. Changes in the distribution of parton a at momentum fraction
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Splitting Function (SF)
Probability of parton ‘b’ splits into 

parton ‘a' with a fraction of energy z

‣ Matrix elements (few particle corrections but higher order) 

‣ Parton shower (more particle corrections but LO and NLO only)

‣ Evolution equation based on splitting probabilities (SF)



Monte Carlo Techniques
‣ Quantum mechanics = amplitudes (concept of randomness) 

‣ Event generators = Monte Carlo techniques 

‣ Selection from a probability distribution function 

‣ Veto algorithm 

‣ …
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Initial- and Final-State Showers
‣ Results into spray of partons/particles that will form jets; 

‣  Resulting pattern will contribute to the event structure (2, 3,… jet event)
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MPI and Beam Remnants
‣ The initiator shower of the hard scattering takes only a fraction of the total 

beam energy. What is left behind is called the (coloured) beam remnant
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MPI and Beam Remnants
‣ The initiator shower of the hard scattering takes only a fraction of the total 

beam energy. What is left behind is called the (coloured) beam remnant

‣ Dominant 2→2 QCD cross-sections are divergent for pT→0 but drop rapidly 
for large pT.
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‣ Probability of multiple parton 
interactions is not negligible for 
ep, pp or AA collisions



Hadronization
‣ Mechanism that confines back quarks and gluons into hadrons; 

‣ QCD perturbation theory, formulated in terms of quarks and gluons, is valid 
at short distances only 

‣ At long distances, in the confinement regime, coloured pardons are 
transformed into hadrons, a process called hadronization (or fragmentation) 

‣ Fragmentation process not understood from first principles (rely on 
phenomenological models) 

‣ All of them rely on the color flow between the constituents
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Summary
‣ Result of an Event 

Generator: 

‣ ‘Real’ event as if could 
be observed by a 
perfect detector. 

‣ Output can be used 
now to interface to the 
detector simulation
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More MC Event Generators
‣ Typical hadronic event generator (PYTHIA) contains the subprocesses 

mentioned so far:
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‣ Other type of event generators include: 

‣ Cosmic Rays (for Extensive Air Showers) 

‣ Heavy-ions (+ Nuclear initial-state, High multiplicity, soft processes, in-
medium energy loss, Collective behavior of the medium) 

‣ Multi-purpose parton event generators (BSM physics) 

‣ …
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PDFs FFs
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