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Introduction to Monte Carlo

• Lecture 1: The Monte Carlo method	


✤ theoretical foundations and limitations	


✤ parton-level event generation	


• Lecture 2: Hadron-level event generation	


✤ parton showering	


✤ hadronization and underlying event	


✤ sample of results
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A high-mass dijet event

• Mjj = 5.15 TeV
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Figure 2: The reconstructed resonance mass spectrum generated with the PYTHIA MC simula-
tion and Tune D6T for qq ⇥ G ⇥ qq, qg ⇥ q� ⇥ qg, gg ⇥ G ⇥ gg for resonance masses of
1.0, 2.0, 3.0, 4.0, and 5.0 TeV.

Figure 3: The event with the highest invariant mass: 3D view (left) and 2D view (right). The
invariant mass of the two wide jets is 5.15 TeV.
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LHC dijet
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Theoretical Status
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Theoretical Status
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• Jet formation and underlying event take place over a much longer 
time scale, with unit probability	


• Hence they cannot affect the cross section	


• Scale dependences of parton distributions and hard process cross 
section are perturbatively calculable, and cancel order by order

QCD Factorization
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Parton Shower
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• Shower = sequence of emissions with decreasing angles and energies	


• Approximation: keep only contributions	
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Parton Shower
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•      increases as              decreases	


• When z =
Ei+1

Ei

9. Quantum chromodynamics 33

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  
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Figure 9.4: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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Parton Shower Evolution
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Parton Shower Evolution
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Hadronization Models
• In parton shower, relative transverse momenta evolve from a 

high scale Q towards lower values	


• At a scale near LQCD~200 MeV, perturbation theory breaks 
down and hadrons are formed	


• Before that, at scales ~ few x LQCD, there is universal 
preconfinement of colour	


• Colour, flavour and momentum flows are only locally 
redistributed by hadronization

LHC Simulations 2 Bryan Webber

Preconfinement

Planar approximation: gluon = colour—anticolour pair.

Follow colour structure of parton shower: colour-singlet pairs 

end up close in phase space

Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, …

Peaked at low mass
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LHC Simulations 2 Bryan Webber

Preconfinement

Planar approximation: gluon = colour—anticolour pair.

Follow colour structure of parton shower: colour-singlet pairs 

end up close in phase space

Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, …

Peaked at low mass

Hadronization Models
• In parton shower, relative transverse momenta evolve from a 

high scale Q towards lower values	


• At a scale near LQCD~200 MeV, perturbation theory breaks 
down and hadrons are formed	


• Before that, at scales ~ few x LQCD, there is universal 
preconfinement of colour	


• Colour, flavour and momentum flows are only locally 
redistributed by hadronization
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LHC Simulations 2 Bryan Webber

Preconfinement

Planar approximation: gluon = colour—anticolour pair.

Follow colour structure of parton shower: colour-singlet pairs 

end up close in phase space

Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, …

Peaked at low mass

String Hadronization Model

• In parton shower, relative transverse momenta evolve from 
a high scale Q towards lower values	


• At a scale near LQCD~200 MeV, perturbation theory breaks 
down and hadrons are formed	


• Before that, at scales ~ few x LQCD, there is universal 
preconfinement of colour	


• Colour flow dictates how to connect hadronic string 
(width ~ few x LQCD) with shower
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LHC Simulations 2 Bryan Webber

Preconfinement

Planar approximation: gluon = colour—anticolour pair.

Follow colour structure of parton shower: colour-singlet pairs 

end up close in phase space

Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, …

Peaked at low mass

String Hadronization Model

• In parton shower, relative transverse momenta evolve from 
a high scale Q towards lower values	


• At a scale near LQCD~200 MeV, perturbation theory breaks 
down and hadrons are formed	


• Before that, at scales ~ few x LQCD, there is universal 
preconfinement of colour	


• Colour flow dictates how to connect hadronic string 
(width ~ few x LQCD) with shower
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+ –+ –

String Hadronization Model
• At short distances (large Q), QCD is like QED:  colour field 

lines spread out (1/r potential)	


• At long distances, gluon self-attraction gives rise to colour 
string (linear potential, quark confinement)	


• Intense colour field induces quark-antiquark pair creation: 
hadronization

21
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LHC Simulations 2 Bryan Webber

Preconfinement

Planar approximation: gluon = colour—anticolour pair.

Follow colour structure of parton shower: colour-singlet pairs 

end up close in phase space

Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, …

Peaked at low mass

Cluster Hadronization Model

• In parton shower, relative transverse momenta evolve 
from a high scale Q towards lower values	


• At a scale near LQCD~200 MeV, perturbation theory 
breaks down and hadrons are formed	


• Before that, at scales ~ few x LQCD, there is universal 
preconfinement of colour	


• Decay of preconfined clusters provides a direct basis 
for hadronization

22
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LHC Simulations 2 Bryan Webber

Preconfinement

Planar approximation: gluon = colour—anticolour pair.

Follow colour structure of parton shower: colour-singlet pairs 

end up close in phase space

Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, …

Peaked at low mass

Cluster Hadronization Model

• In parton shower, relative transverse momenta evolve 
from a high scale Q towards lower values	


• At a scale near LQCD~200 MeV, perturbation theory 
breaks down and hadrons are formed	


• Before that, at scales ~ few x LQCD, there is universal 
preconfinement of colour	


• Decay of preconfined clusters provides a direct basis 
for hadronization

23



Introduction to Monte Carlo Techniques CERN Summer Student Lectures 2015

Cluster Hadronization Model

• Mass distribution of preconfined clusters is universal	


• Phase-space decay model for most clusters	


• High-mass tail decays anisotropically (string-like)

24
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Hadronization Status

• No fundamental progress since 1980s	


✤ Available non-perturbative methods (lattice,  AdS/
QCD, ...) are not applicable	


• Less important in some respects in LHC era	


✤ Jets, leptons and photons are observed objects, not 
hadrons	


• But still important for detector effects	


✤ Jet response, heavy-flavour tagging, lepton and photon 
isolation, ...

25
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Underlying Event (MPI)

• Multiple parton interactions in same collision	


✤ Depends on density profile of proton	


• Assume QCD 2-to-2 secondary collisions	


✤ Need cutoff at low pT	


• Need to model colour flow	


✤ Colour reconnections are necessary

LHC Simulations 3 Bryan Webber

Multiparton Interaction Model (PYTHIA/JIMMY)

For small pt min and high energy inclusive parton—parton 

cross section is larger than total proton—proton cross 

section.

!More than one parton—parton scatter per proton—proton

Need a model of spatial distribution within proton

! Perturbation theory gives n-scatter distributions

26
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Sample of Event 
Generator Results

27
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PYTHIA

HERWIG

SHERPA

kt-ordered parton shower, string hadronization

v6 Fortran; v8 C++

v6 Fortran; Herwig++

Angular-ordered parton shower, cluster hadronization

Dipole-type parton shower, cluster hadronization

C++

MC Event Generators
http://projects.hepforge.org/herwig/

http://www.thep.lu.se/∼torbjorn/Pythia.html

http://projects.hepforge.org/sherpa/

“General-purpose event generators for LHC physics”, 	

A Buckley et al., arXiv:1101.2599, Phys. Rept. 504(2011)145

28
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Jets
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Jet pT

30
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Jet pT

31

Extra jets from parton showers
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Jet event shapes

32
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measure of the momentum out of this plane and is defined as

Tm,C ⌘ Âi |~p?,i ⇥ n̂T,C |
Âi p?,i

. (2)

Two-jet events that are well balanced have low values of these two variables, while isotropic
multijet events have high values.

The transverse momenta of jets are used as input to the event-shape calculation. Jets are recon-
structed using individual particles that have been identified, and whose energies have been
measured, using a particle flow technique [6], which combines information from all subde-
tectors: charged tracks in the tracker and energy deposits in the electromagnetic and hadronic
calorimeters, as well as signals in the preshower detector and the muon system. The energy cal-
ibration is performed separately for each particle type. As a result, the input to the jet clustering
is almost fully calibrated and the resulting jets require only a small energy correction (below
10% in the central region). Jet clustering is performed using the anti-kT clustering algorithm [7]
with a distance parameter R = 0.5.

Five MC generators are used to produce simulated samples for comparison with the data; the
specifics of each generator are detailed below. In addition to the generator-level samples, we
use “full-simulation” samples, where the events produced at the generator level are processed
with a simulation of the CMS detector response based on GEANT4 [8]. As event-shape distri-
butions are sensitive to QCD radiation, they are primarily affected by the description of the
parton showering and the hadronization process, and, to a lesser extent, by the description of
multiparton interactions, which is included in all generators used.

The first generator considered is PYTHIA 6.4.22 (PYTHIA6) [9] with tune D6T [10]. In this ver-
sion of PYTHIA, parton showers are ordered by mass. The second generator is PYTHIA 8.145
(PYTHIA8) [11] with tune 2C [12]. In this version of PYTHIA, parton showers are ordered by
pT. The underlying event model is based on the multiple-parton interaction model of PYTHIA6,
interleaved with initial- and final-state radiation. The third generator is HERWIG++ 2.4.2 [13]
used with the tune of older version 2.3. The parton showering in HERWIG++ is based on the
coherent-branching algorithm, with angular ordering of the showers. The underlying event
is simulated using an eikonal multiple parton-parton scattering model. The fourth is MAD-
GRAPH 4.4.24 [14] in conjunction with PYTHIA6, with tune D6T. Events containing from two to
four jets matched to partons with pT above 20 GeV/c are produced with MADGRAPH using a
matrix element (ME) calculation and subsequently passed to PYTHIA to generate parton show-
ers (PS). The MLM matching procedure [15] is used to avoid double counting between the ME
and PS calculations. For the matching, the minimum jet pT threshold is set to 30 GeV/c. Finally,
the ALPGEN 2.13 [16] generator is used in a similar way to MADGRAPH. ALPGEN samples are
produced separately for each jet multiplicity from two to six jets, matched to partons with pT
above 20 GeV/c, and are weighted according to their theoretical cross section. Events produced
with ALPGEN using the ME calculation are passed to PYTHIA, and the MLM matching proce-
dure is used to avoid double counting. For the matching of ME partons to jets, the lower jet pT
threshold is set to 20 GeV/c and the maximum distance between partons and jets is kept to its
default value of DR = 0.7.

The data were collected between April and August 2010. Noncollision background is removed
by applying quality cuts that ensure the presence of a well-reconstructed primary vertex [17].
The selected data sample is then divided into three bins defined by pT,1, the pT of the leading
jet (the jet reconstructed offline with the highest pT). The low-pT bin contains events with 90 <
pT,1 < 125 GeV/c, the medium-pT bin with 125 < pT,1 < 200 GeV/c, and the high-pT bin with

1

Event shapes provide information about the properties of hadronic final states from particle
collisions. Suitably defined event-shape variables were among the first observables proposed
to test the theory of quantum chromodynamics (QCD) [1, 2] and have been important in en-
abling progress in the theory. At e+e� and ep colliders, event shapes have played a crucial
role in the extraction of the strong coupling constant as. They have been essential in tuning the
parton shower and non-perturbative components of Monte Carlo (MC) event generators and
have provided a laboratory for developing and testing analytical probes of the hadronization
process. More recently, a large set of event-shape variables suitable for pp colliders has been
proposed [3]. An important aspect of these variables is their normalization to the measured
sum of transverse momentum or energy of all the objects in the event. It is thus expected that
energy-scale uncertainties should cancel to a large extent. Event-shape variables represent a
valuable tool for early measurements of the properties of QCD multijet events at the Large
Hadron Collider (LHC) and the tuning of MC models [4].

This Letter presents the first measurement of hadronic event shapes with a data sample of
7 TeV proton-proton collisions collected with the Compact Muon Solenoid (CMS) detector at
the LHC. The data sample corresponds to an integrated luminosity of 3.2 pb�1.

A detailed description of the CMS experiment can be found elsewhere [5]. CMS uses a right-
handed coordinate system, with the origin located at the nominal collision point, the x-axis
pointing towards the center of the LHC ring, the y-axis pointing up (perpendicular to the LHC
plane), and the z-axis along the anticlockwise beam direction. The polar angle q is measured
from the positive z-axis, the azimuthal angle f is measured in the xy plane, and the pseudora-
pidity is defined as h = � ln[tan(q/2)]. The central feature of the CMS apparatus is a super-
conducting solenoid, of 6 m internal diameter, providing an axial field of 3.8 T. Within the field
volume are the silicon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL),
and the brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization
detectors embedded in the steel return yoke. In the region |h| < 1.74, the HCAL cells have
widths of 0.087 in pseudorapidity and 0.087 rad in azimuth (f). In the (h, f) plane, and for
|h| < 1.48, the HCAL cells map on to 5 ⇥ 5 ECAL crystal arrays to form calorimeter towers
projecting radially outwards from close to the nominal interaction point. At larger values of
|h|, the size of the towers increases and the matching ECAL arrays contain fewer crystals. A
preshower detector consisting of two planes of silicon sensors interleaved with lead is located
in front of the ECAL at |h| > 1.479. In addition to the barrel and endcap detectors, CMS has
extensive forward calorimetry covering the region 3.0 < |h| < 5.0.

Two event-shape variables have been studied: the central transverse thrust t?,C and the central
thrust minor Tm,C . The two variables probe different QCD radiative processes and are mostly
sensitive to the modeling of two- and three-jet topologies. The term central (C) indicates that
the input to the calculation of these quantities are jets in the central region of the detector
(|h| < 1.3), where sub-leading contributions in the calculation of the event-shape variables are
less significant, and systematic uncertainties on the jet reconstruction are smaller.

The central transverse thrust is defined as [3]

t?,C ⌘ 1 � max
n̂T

Âi |~p?,i · n̂T|
Âi p?,i

, (1)

where p?,i is the transverse momentum of selected jet i. The axis n̂T which maximizes the sum,
and thus minimizes t?,C , is called the thrust axis n̂T,C . The central transverse thrust is a measure
of the momentum in the plane defined by n̂T,C and the beam axis. The central thrust minor is a

Tc ⌘
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Figure 1: Pictorial definition of the differential (top) and integrated (bottom) jet shape quanti-
ties. Analytical definitions of these quantities are given in the text.

where dr = 0.1.

The integrated jet shape Y(r) is defined as the average fraction of the transverse momentum of
particles inside a cone of radius r around the jet axis:

Y(r) =
Â

ri<r
pT,i

Â
ri<R

pT,i
.

The sums run over the reconstructed particles, with the distance ri =
q
(yi � yjet)2 + (fi � fjet)2

relative to the jet axis described by yjet and fjet, and R = 0.7.

The observed detector-level jet shapes and true particle-level jet shapes differ because of jet
energy resolution effects, detector response to individual particles, smearing of the jet direc-
tions, smearing of the individual particle directions, and inefficiency of particle reconstruction,
especially at low pT. The data are unfolded to the particle level using bin-by-bin corrections
derived from the CMS simulation based on the PYTHIA 6.4 (PYTHIA6) MC generator [32] tuned
to the CMS data (tune Z2). The Z2 tune is identical to the Z1 tune described in [33], except that
Z2 uses the CTEQ6L [34] parton distribution function (PDF), while Z1 uses CTEQ5L [35] PDF.
The correction factors are determined as functions of r for each jet pT and rapidity bin and vary
between 0 and 20%. Since the MC model affects the momentum and angular distributions and
flavour composition of particles in a jet, and therefore the simulated detector response to the
jet, the unfolding factors depend on the MC model. In order to estimate the systematic un-
certainty due to the fragmentation model, the corrections are also derived using PYTHIA8 [36],
PYTHIA6 tune D6T [32], and HERWIG++ [37]. The largest difference of these three sets of cor-
rection factors from those of PYTHIA6 tune Z2 is assigned as the uncertainty on the correction.
This uncertainty is typically 2–3% in the region where the bulk of the jet energy is deposited
and increases to as high as 15% at large radii where the momentum of particles is very small.
For very high pT jets where the fraction of jet momentum deposited at large radii is extremely
small, the uncertainty is less than 1% at r = 0.1 and reaches 25% at high radii.

The impact of the calibration uncertainties for particles used to measure the jet shapes is studied
separately for charged hadrons, neutral hadrons, and photons. The calibration of each type of
particle is varied within its measurement uncertainty, depending on its pT and h. The resulting

3

used as inputs to the clustering algorithm to form calorimeter jets. Tracks originating from the
interaction vertex [28] are associated with these calorimeter jets based on the separation in h-f
space between the jet direction and track direction at the interaction vertex. In the case of par-
tially overlapping jets, tracks are assigned to the jet with the minimum pT-weighted distance
between each track and the jet axis. These tracks are categorized as muon, charged pion, and
electron candidates, and the jet momentum is corrected by substituting their expected parti-
cle energy deposition in the calorimeter with their momentum. These track-corrected jets are
referred to as JPT jets.

The pT of both types of jets are corrected to the particle-level jet pT [29]. In both cases, the ra-
tio of the reconstructed jet pT to the particle jet pT is close to unity, and only small additional
corrections to the jet energy scale, of the order of 5–10%, are needed. These corrections are
derived from GEANT4-based [30] CMS simulations, based on the pT ratio of the particle jet
formed from all stable (ct > 1 cm) particles to the reconstructed jet, and also in situ measure-
ments using dijet and photon + jet events [29]. The uncertainty on the absolute jet energy scale
is studied using both data and MC events and is found to be less than 5% for all values of jet
pT and h. In order to remove jets coming from instrumental noise, jet quality requirements are
applied [31].

The JPT jets are reconstructed with the anti-kT jet clustering algorithm and distance parameter
D = 0.5 [23]. The tracks associated with JPT jets are used to measure the charged-hadron multi-
plicity and the transverse size of the jets in the jet pT range 50 GeV/c < pT < 1 TeV/c. The PF jets
reconstructed with a distance parameter D = 0.7 are used to measure the jet shapes in the jet pT
range 20 GeV/c < pT < 1 TeV/c. Owing to the larger jet size, jet shape measurements evaluate a
larger fraction of the momentum from the originating parton and are relatively more sensitive
to momentum deposited by multiple-parton interactions (MPIs), thus providing important in-
formation to tune both the parton showering and MPI models in the event generators. To
minimize the contribution from additional pp interactions in a triggered event (pileup), events
with only one reconstructed primary vertex are selected for jet shape measurements, as the
measurements use both charged and neutral particles. For charged-hadron multiplicity and jet
transverse size studies, the events with multiple vertices are also considered as these studies
use only those tracks that are associated with the primary vertex. The primary vertex is defined
as the vertex with the highest sum of transverse momenta of all reconstructed tracks pointing
to it.

4 Jet observables

We have studied several observables to characterize the jet structure. These observables are
complementary and they can provide a more comprehensive picture of the composition of jets.
In order to compare the resulting measurements with theoretical predictions, all the observ-
ables are corrected back to the particle level by taking into account detector effects using MC
simulations.

4.1 Jet shapes

The differential jet shape r(r) is defined as the average fraction of the transverse momentum
contained inside an annulus of inner radius ra = r � dr/2 and outer radius rb = r + dr/2 as
illustrated in Fig. 1:

r(r) =
1
dr

Â
ra<ri<rb

pT,i

Â
ri<R

pT,i
,
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represent the statistical uncertainties and the error boxes indicate the systematic uncertainties.
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Figure 2: Corrected pT spectra of ⇡ (left), K (middle) and p (right) in charged jets from pp collisions atp
s = 7TeV. The spectra for pchT,jet = 5 � 10 (diamonds), 10 � 15 (circles) and 15 � 20GeV/c (stars) are

shown.

Comparing the ratios for the three di↵erent pchT,jet bins, a scaling is observed for zch > 0.2 in all pchT,jet bins

for the K/⇡ ratio and for pchT,jet = 10� 15 and 15� 20GeV/c in case of p/⇡.
In Fig. 4, the spectra shown in Fig. 2 are compared to the PYTHIA [9] tunes Perugia0, Perugia0NoCR

(noCR stands for no colour reconnection) and Perugia2011 [10] for ⇡, K and p. The best agreement is
observed at high pchT,jet and high particle pT. For low particle pT, all considered PYTHIA tunes undershoot
(overshoot) the pions (protons). Typically, all three tunes describe the data within 30% except for protons
with pT < 0.5GeV/c, where the deviation goes beyond 100%, and with pT close to the upper bound of the
pchT,jet bin, where the discrepancy is around 50% for some tunes. The maximum of the proton spectra around
pT = 2GeV/c (cf. Fig. 2) is reproduced very well by all PYTHIA tunes, but they fail to describe the width
and the high-pT slope. Of the tunes considered, Perugia0NoCR gives the best description of the K spectra
in all pchT,jet bins.
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Figure 4: MC/data ratios of the ⇡ (left), K (middle) and p (right) pT spectra in charged jets from pp collisions
at

p
s = 7TeV.

4 Conclusions

We presented the first measurement of identified jet fragmentation of charged hadrons at hadron colliders
from ALICE. The particle yields and ratios as functions of pT and zch of primary hadrons (⇡, K, p) in
charged jets from pp collisions at

p
s = 7TeV with pchT,jet = 5� 20GeV/c are extracted using advanced PID

techniques. We observe that the pchT,jet scaling of the zch spectra disappears at lowest pchT,jet. Furthermore,

our measurements show an increase of the strangeness fraction with zch and a suppression of leading baryons
at high zch. PYTHIA simulations reproduce the data typically within 30% accuracy. However, we observe
a tension between data and PYTHIA at low pchT,jet and for pions and protons at low particle pT.

4

ALICE, arXiv:1408.5723

PYTHIA6
Data
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Min bias pT(p+, K+)

• Min bias = all scattering events
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p > 0.5 GeV and primary neutral particles (including neu-
trinos) with p > 0.2 GeV. Lower-momentum particles were
not included because detector simulation indicated that they
do not deposit significant energy in the ATLAS calorimeters,
due to interactions with detector material at smaller radii
and bending in the magnetic field. Since the properties of
low-momentum particles are not well known or modelled,
excluding them from the hadron-level phase space definition
reduces the model dependence of the correction procedure.

The observables used in this study, defined in Tab. 1,
employ the conventional UE azimuthal division of events
into regions relative to the direction of the “leading” object in
the event [1]. The leading object in this case is defined by the
anti-kt [12] jet with distance parameter R = 0.4 which has
the largest pT (denoted by plead

T ) after application of the jet
selection criteria described in Sect. 5. At hadron level the jets
are constructed from primary particles as previously defined,
excluding neutrinos. The azimuthal regions are defined with
respect to the f of the leading jet: a 120� “towards” region
surrounds the leading jet, an “away” region of the same size is
azimuthally opposed to it and two “transverse” regions each
of 60� are defined orthogonal to the leading jet direction. This
is illustrated in Fig. 1, which displays the azimuthal distance
from the leading jet, |Df |, used to define the UE regions.

Since the towards region is dominated by the leading jet
and the away region by the balancing jet (in the dominant
dijet configuration), the transverse regions are the most sen-
sitive to accompanying particle flow, i.e. the UE. In addition,
the transverse regions may be distinguished event-by-event
based on which one has more or less activity, named the
“trans-max” and “trans-min” sides respectively. The trans-
max side is more likely to be affected by wide-angle emis-
sions associated with the hard process and correspondingly
the trans-min observables have the potential to be more sen-
sitive to soft MPI and beam-remnant activity. In this analysis,
the trans-min/max definition is specific to the observable
being considered; for example the trans-max side for the
charged-particle multiplicity (Nch) observable (i.e. the side of
the transverse region which contains more charged particles)
can be different from the trans-max side for the scalar sum of
the particle transverse momentum (Â pT) observable in the
same event. The difference between trans-max and trans-min
sides for a given observable is referred to as the “trans-diff”
of that observable [13, 14]. The trans-diff observables are
very sensitive to hard initial- and final-state radiation.

This azimuthal segmentation of events around the leading-
jet direction is based on an assumption of dominant dijet
topologies. Measurements of LHC jet rates [15] indicate that
events with three or more jets contribute to inclusive jet UE
observables; hence there are substantial contributions to the
transverse regions from the hard partonic scattering. While
this subverts the intent of the azimuthally segmented observ-
able definitions, the resulting interplay of hard and soft event

Df�Df

leading jet

towards
|Df |< 60�

away
|Df |> 120�

transverse
60� < |Df |< 120�

transverse
60� < |Df |< 120�

Fig. 1 Definition of regions in the azimuthal angle with respect to the
leading jet. The towards, away and transverse regions are defined in
the text. The balancing parts of the jet system are indicated with green
arrows, compatible with the dominant dijet event topology. Multi-jet
topologies, encountered in the inclusive jet event selection, are expected
to contribute more substantially to the transverse regions than the geom-
etry shown here.

features is itself interesting and relevant to modelling of hard
pp interaction processes at the LHC. Hence, the transverse-
region UE observables are studied both in inclusive jet events
where multi-jet topologies contribute, and in the subset of
exclusive dijet events where higher-order emissions beyond
the leading dijet configuration are explicitly suppressed.

The particle and energy flow observables in the transverse
regions are studied both as one-dimensional distributions,
relatively inclusive in the properties of the hard process, and
as “profile” histograms which present the dependence of the
mean value of each observable (and its uncertainty) as a
binned function of a hard process property, usually plead

T .

4 Monte Carlo models of the underlying event

In scattering processes modelled by perturbative QCD two-
to-two partonic scatters, at sufficiently low pT the partonic
jet cross-section exceeds that of the total hadronic cross-
section. This apparent problem is resolved by extending the
single-hard-scatter model to include the possibility of multi-
ple partonic scatters in a given hadron–hadron interaction. In
this picture, the ratio of the partonic jet cross-section to the
total cross-section is interpreted as the mean number of par-
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ATLAS underlying event in 7 TeV jet events 3

p > 0.5 GeV and primary neutral particles (including neu-
trinos) with p > 0.2 GeV. Lower-momentum particles were
not included because detector simulation indicated that they
do not deposit significant energy in the ATLAS calorimeters,
due to interactions with detector material at smaller radii
and bending in the magnetic field. Since the properties of
low-momentum particles are not well known or modelled,
excluding them from the hadron-level phase space definition
reduces the model dependence of the correction procedure.

The observables used in this study, defined in Tab. 1,
employ the conventional UE azimuthal division of events
into regions relative to the direction of the “leading” object in
the event [1]. The leading object in this case is defined by the
anti-kt [12] jet with distance parameter R = 0.4 which has
the largest pT (denoted by plead

T ) after application of the jet
selection criteria described in Sect. 5. At hadron level the jets
are constructed from primary particles as previously defined,
excluding neutrinos. The azimuthal regions are defined with
respect to the f of the leading jet: a 120� “towards” region
surrounds the leading jet, an “away” region of the same size is
azimuthally opposed to it and two “transverse” regions each
of 60� are defined orthogonal to the leading jet direction. This
is illustrated in Fig. 1, which displays the azimuthal distance
from the leading jet, |Df |, used to define the UE regions.

Since the towards region is dominated by the leading jet
and the away region by the balancing jet (in the dominant
dijet configuration), the transverse regions are the most sen-
sitive to accompanying particle flow, i.e. the UE. In addition,
the transverse regions may be distinguished event-by-event
based on which one has more or less activity, named the
“trans-max” and “trans-min” sides respectively. The trans-
max side is more likely to be affected by wide-angle emis-
sions associated with the hard process and correspondingly
the trans-min observables have the potential to be more sen-
sitive to soft MPI and beam-remnant activity. In this analysis,
the trans-min/max definition is specific to the observable
being considered; for example the trans-max side for the
charged-particle multiplicity (Nch) observable (i.e. the side of
the transverse region which contains more charged particles)
can be different from the trans-max side for the scalar sum of
the particle transverse momentum (Â pT) observable in the
same event. The difference between trans-max and trans-min
sides for a given observable is referred to as the “trans-diff”
of that observable [13, 14]. The trans-diff observables are
very sensitive to hard initial- and final-state radiation.

This azimuthal segmentation of events around the leading-
jet direction is based on an assumption of dominant dijet
topologies. Measurements of LHC jet rates [15] indicate that
events with three or more jets contribute to inclusive jet UE
observables; hence there are substantial contributions to the
transverse regions from the hard partonic scattering. While
this subverts the intent of the azimuthally segmented observ-
able definitions, the resulting interplay of hard and soft event

Df�Df

leading jet

towards
|Df |< 60�

away
|Df |> 120�

transverse
60� < |Df |< 120�

transverse
60� < |Df |< 120�

Fig. 1 Definition of regions in the azimuthal angle with respect to the
leading jet. The towards, away and transverse regions are defined in
the text. The balancing parts of the jet system are indicated with green
arrows, compatible with the dominant dijet event topology. Multi-jet
topologies, encountered in the inclusive jet event selection, are expected
to contribute more substantially to the transverse regions than the geom-
etry shown here.

features is itself interesting and relevant to modelling of hard
pp interaction processes at the LHC. Hence, the transverse-
region UE observables are studied both in inclusive jet events
where multi-jet topologies contribute, and in the subset of
exclusive dijet events where higher-order emissions beyond
the leading dijet configuration are explicitly suppressed.

The particle and energy flow observables in the transverse
regions are studied both as one-dimensional distributions,
relatively inclusive in the properties of the hard process, and
as “profile” histograms which present the dependence of the
mean value of each observable (and its uncertainty) as a
binned function of a hard process property, usually plead

T .

4 Monte Carlo models of the underlying event

In scattering processes modelled by perturbative QCD two-
to-two partonic scatters, at sufficiently low pT the partonic
jet cross-section exceeds that of the total hadronic cross-
section. This apparent problem is resolved by extending the
single-hard-scatter model to include the possibility of multi-
ple partonic scatters in a given hadron–hadron interaction. In
this picture, the ratio of the partonic jet cross-section to the
total cross-section is interpreted as the mean number of par-
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Z0 pT
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Z0 pT (13 TeV)
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Figure 9: Dilepton mass distribution after the Z ! e+e� selection (left) and the Z ! µ+µ� selection (right).
Each electron or muon is required to satisfy pT > 25 GeV, and the dilepton mass is required to satisfy 66 GeV <
m`` < 116 GeV. The expected contributions from all backgrounds are estimated with Monte Carlo simulations.
Systematic uncertainties for the signal and background distributions are combined in the shaded band, and statistical
uncertainties are shown on the data points. Luminosity uncertainties are not included.
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Figure 10: Z boson transverse momentum distribution after the Z ! e+e� selection (left) and the Z ! µ+µ�

selection (right). Each electron or muon is required to satisfy pT > 25 GeV, and the dilepton mass is required to
satisfy 66 GeV < m`` < 116 GeV. The expected contributions from all backgrounds are estimated with Monte
Carlo simulations. Systematic uncertainties for the signal and background distributions are combined in the shaded
band, and statistical uncertainties are shown on the data points. Luminosity uncertainties are not included.
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Limitations of LO+parton shower
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• Leading-order (LO) normalization        need next-to-LO (NLO)	


• Worse for high pT and/or extra jets        need multijet merging

• Hard process: qq̄ ! Z0/W±

pT(Z) pT(jet 1) pT(jet 2)



Introduction to Monte Carlo Techniques CERN Summer Student Lectures 2015

Summary of Lecture 2

• Parton shower keeps largest small-angle contribution	


• Shower gives preconfinement of colour	


• This allows local model of hadronization	


•  String and cluster models both still viable	


•  Underlying event due to multiple interactions	


•  Sample of event generator results	


•  Further improvements (matching & merging) now used	
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Thanks for listening!
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