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Outline
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✦ Introduction
✦ Jet reconstruction
✦ Cross-section measurements

- inclusive jet production
- dijet production 

✦ Dijet angular distributions
✦ Multijet properties

- dijet azimuthal decorrelation
- hadronic event shapes
- 3j/2j ratio

✦ Summary
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Introduction: the Objectives
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✦ CMS has planned and prepared for a rich QCD program with jets:  
- cross-section measurements
- dijet & multijet properties

✦ The 2010 program was defined according to:
- the available integrated luminosity
- the level of understanding of the jet object
- the needs of the experiment
- the interest of the scientific community

✦ Objectives:
- confront the pQCD calculations in the new collision energy and in the 
unexplored kinematic region
- check the overall compatibility between data and theory predictions
- differentiate between the various QCD Monte Carlo generators and provide 
feedback for their further tuning
- provide feedback for the jet commissioning
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Introduction: Kinematic Reach
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✦ Available integrated luminosity 
for QCD measurements: 36 pb-1

- out of 47 pb-1 delivered and 43 pb-1 
recorded

✦ Jet pT: 18 GeV → 1.1 TeV
- 5×10-3 < xT < 0.16

✦ dijet mass: 0.16 → 3.5 TeV
- 5×10-4 < x1·x2 < 0.25

✦ HT: 0.3 → 2.5 TeV

xT =
2pT√
s

x1 · x2 =

�
MJJ√

s

�2

HT =
�

jets

pT

Event Shapes
Decorrelations

cross sections
angular distributions

3j/2j ratio
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Theory Predictions
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Ingredients of the Theory Predictions
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✦ Perturbative QCD calculations:
- at next-to-leading order
- using the NLOJet++ program
- in the fastNLO package

✦ Proton distribution functions (PDF):
- CT10: αS(MZ) = 0.1180
- MSTW2008: αS(MZ) = 0.1202 
- NNPDF2.0: αS(MZ) = 0.1190

✦ Non-perturbative corrections:
- multi-parton interaction (MPI)
- hadronization

✦ QCD Monte-Carlo generators:
- PYTHIA6
- PYTHIA8
- HERWIG++
- ALPGEN
- MADGRAPH
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The PDF4LHC Prescription
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42 7 Theory predictions
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Figure 30: PDF uncertainties on the inclusive jet pT cross section at NLO following the
PDF4LHC proposal in comparison to CTEQ6.6.

✦ The PDF4LHC prescription 
describes the way to combine the 
various PDFs:

- compute the observable of interest (e.g. 
inclusive jet cross section) with each PDF 
set
- construct the 1-sigma (68% CL) band 
from each PDF set
- at every point, define the global 
envelope from the 1-sigma bands
- the PDF4LHC prediction is the center of 
the global envelope

✦ The PDF4LHC prescription is 
meant for a check of the overall 
compatibility between data and 
theory predictions
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Non-Perturbative Corrections
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✦ A correction to pQCD is needed 
to “translate” the parton-level 
observables to the particle level

✦ Account for effects that cannot 
be calculated with pQCD

- multi-parton interactions
- hadronization

✦ The non-perturbative correction 
is estimated by using different MC 
generators

- turn “on” and “off” the MPI and 
hadronization
- all measurements use the average 
between PYTHIA6 and Herwig++
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Jet Reconstruction
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Jet Clustering
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Figure 7: A sample parton-level event (generated with Herwig [101]), together with many ran-
dom soft “ghosts”, clustered with four different jet algorithms, illustrating the “active” catchment
areas of the resulting hard jets (cf. section 4.4). For kt and Cam/Aachen the detailed shapes are
in part determined by the specific set of ghosts used, and change when the ghosts are modified.

degree of regularity (or not) of the boundaries of the resulting jets and their extents in the
rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to identify the main regions of
energy flow in a calorimetric event such as fig. 7. A good few seconds might be needed to
quantify that energy flow, and to come to a conclusion as to how many jets it contains.
Those are timescales that usefully serve as a reference when considering the speed of jet
finders — if a jet finder takes a few seconds to classify an event it will seem somewhat
tedious, whereas a few milliseconds will seem fast. One can reach similar conclusions by
comparing to the time for a Monte Carlo event generator to produce an event (from tens

29

∆R2
ij = (yi − yj)

2 + (φi − φj)
2

dij = min
�
p−2
Ti , p

−2
Tj

� ∆R2
ij

R2

diB = p−2
Ti

✦ All measurements use the anti-kT 
clustering algorithm:

- sequential recombination (belongs to 
the kT family)
- theoretically sound (infrared and 
collinear safe) 
- geometrically well defined (circular 
shape in the y-φ plane)
- tends to cluster around the hard energy 
depositions
- distance parameter R

✦ The jet reconstruction in CMS 
follows the “E-scheme”

- 4-momentum summation
- leads to massive jets

✦ The inputs to the jet clustering 
algorithm are calorimeter towers or 
particle-flow candidates
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Jet Energy Calibration
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✦ Correction applied as a scale factor to the full 4-momentum
✦ Hybrid jet energy calibration

- start with Monte Carlo truth and adjust according to dijet pT balancing (η non-
uniformity) and photon+jet pT balancing (absolute scale)

✦ Calorimeter jets require a large correction factor 
- non-compensating hadron calorimeter

✦ Particle-flow jets require a small correction factor (< 10%)
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Jet Energy Scale Uncertainty
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✦ Total jet energy scale uncertainty: 3-5% for all jet types
- estimated with the first 3 pb-1 of data
- significantly improved (by a factor ~2) after using the entire sample (currently 
under review by CMS -- JINST paper to be submitted soon)

✦ Uncertainty dominated by the high-pT extrapolation 
- beyond the pT reach of the photon+jet sample
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Measurements
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Inclusive Jet Production (I)
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Figure 1: (Top Left) Unsmearing correction factors determined as a function of rapidy y and jet

transverse momentum pT. (Top Right) Unsmeared inclusive jet pT spectra for different y bins

with the next-to-leading-order (NLO) theoretical prediction, corrected for non-perturbative

(NP) effects, superimposed. (Bottom) The unsmeared measured spectra in data plotted as

the ratio of data to theory prediction. The solid lines represent total theoretical systematic

uncertainty. The shaded band about the data points represents the experimental systematic

systematic uncertainty.

CMS-QCD-10-011

d2σ

dpTd|y|
=

Cunsm

� · L · Njets

∆pT∆|y|✦ Double-differential inclusive jet 
cross section vs jet pT and y

- using anti-kT PF jets with R=0.5
- 34 pb-1

- pT range from 18 GeV to 1.1 TeV 
- 6 rapidity bins, up to |y|=3.0 (the 
forward region 3.0 < |y| < 5.0 is covered 
by another, dedicated measurement)

✦ Experimental Uncertainties
- dominated by the JES 

✦ Theory Uncertainties
- non-perturbative correction dominant 
at low pT

- PDF dominant at high pT

- small uncertainty due to scale variation 
and αS 
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Inclusive Jet Production (II)
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Figure 1: (Top Left) Unsmearing correction factors determined as a function of rapidy y and jet

transverse momentum pT. (Top Right) Unsmeared inclusive jet pT spectra for different y bins

with the next-to-leading-order (NLO) theoretical prediction, corrected for non-perturbative

(NP) effects, superimposed. (Bottom) The unsmeared measured spectra in data plotted as

the ratio of data to theory prediction. The solid lines represent total theoretical systematic

uncertainty. The shaded band about the data points represents the experimental systematic

systematic uncertainty.

 Data and theory are compatible in the entire phase-space 
of the measurement
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Dijet Production (I)
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Figure 1: Measured double-differential dijet production cross sections (points), scaled by the
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bin widths, while the vertical error bars represent the statistical uncertainties of the data.
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✦ Double-differential inclusive dijet 
cross section vs dijet invariant 
mass and |y|max

- using anti-kT PF jets with R=0.7
- 36 pb-1

- mass range from 0.16 to 3.5 TeV 
- 5 bins of |y|max, up to 2.5

✦ Experimental uncertainties
- dominated by the JES 

✦ Theory uncertainties
- non-perturbative correction dominant 
at low masses
- PDF dominant at high masses
- small uncertainty due to scale variation 
and αS 
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Figure 2: Ratio of the measured double-differential dijet production cross section over the the-
oretical prediction in different rapidity bins. The solid band represents the experimental sys-
tematic uncertainty and is centered around the points. The error bars on the points represent
the statistical uncertainties. The theoretical uncertainties due to PDF and the strong coupling
constant αS(MZ) (solid blue), renormalization and factorization scales (dashed red), and non-
perturbative effects (dashed-dotted green) are shown as curves centered around unity.

✦ Data and theory are 
compatible in the entire phase-
space of the measurement

✦ Similar trend with the 
inclusive jets

- but not directly comparable due 
to the different jet size
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θ*

pp

Jet1

Jet2

CM frame

✦ The dijet angular distributions give additional insight to the QCD 
dynamics

- parton-parton scattering in QCD is t-channel dominated (Rutherford scattering 
at small angles)

✦ Stringent test of pQCD and sensitivity to New Physics 
- contact interactions or resonances would show deviation from QCD at large 
scattering angles
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Figure 1: Normalized dijet angular distributions in several Mjj ranges, shifted vertically by the

additive amounts given in parentheses in the figure for clarity. The data points include statis-

tical and systematic uncertainties. The results are compared with the predictions of pQCD at

NLO (solid histogram) and with the predictions including a contact interaction term of com-

positeness scale Λ = 5 TeV (dashed histogram). The shaded band shows the effect on the

NLO pQCD predictions due to µr and µ f scale variations and PDF uncertainties, as well as the

uncertainties from the non-perturbative corrections added in quadrature.

arXiv:1102.2020v1 χ = e|y1−y2| ≈ 1 + | cos θ∗|
1− | cos θ∗|

✦ Normalized dijet cross section, as a 
function of χ, in mass bins

- χ is the preferred angular variable because 
QCD shape is relatively flat vs χ
- using anti-kT PF jets with R=0.5
- 36 pb-1

- χ range: 1 < χ < 16
- 9 dijet mass bins

✦ Experimental uncertainties
- cancellation of many uncertainties (absolute 
JES, luminosity)
- relative JES vs y, resolution  

✦ Theory uncertainties
- scale unc. dominates (5-9%)
- non-perturbative correction unc. up to 4% at 
low masses
- not sensitive to the PDFs
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Figure 3: Normalized ∆ϕdijet distributions in several pT
max regions, scaled by the multiplicative

factors given in the figure for easier presentation. The curves represent predictions from LO

(dotted line) and NLO pQCD (solid line). Non-perturbative corrections have been applied to

the predictions. The error bars on the data points include statistical and systematic uncertain-

ties.
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✦ Normalized dijet cross section, 
as a function of Δφ

- indirect probe of multijet topologies, 
without explicitly measuring more than 
the two leading jets 

✦ Experimental measurement
- anti-kT, R=0.5, PF Jets
- 5 bins of pT,max

- 2.9 pb-1

- cancellation of many jet unc.
- bin-by-bin unsmearing correction

✦ Theory Prediction
- NLO pQCD + non-perturbative 
corrections describe well the data for a 
Δφ > 120 deg (~ 3j topologies)
- the scale uncertainty dominates
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Figure 1: Normalized ∆ϕdijet distributions in several pT
max

regions, scaled by the multiplica-

tive factors given in the figure for easier presentation. The curves represent predictions from

PYTHIA6, PYTHIA8, HERWIG++, and MADGRAPH. The error bars on the data points include

statistical and systematic uncertainties.

✦ Data vs MC comparison
- Pythia6 and Herwig++ predictions are in 
good agreement with the data, in the entire 
phase space
- Pythia8 predicts more multijet-like events
- Madgraph predicts less multijet-like events
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Figure 1: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT between 90 and 125 GeV/c, from data
and from five MC simulations. The error bars on the data points represent the statistical uncer-
tainty on the data, and the shaded (blue) bands represent the sum of statistical and systematic
errors. The lower plots show the ratio between data and the different simulated samples.
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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 αs. 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 θ is measured

from the positive z-axis, the azimuthal angle φ is measured in the xy plane, and the pseudora-

pidity is defined as η = − ln[tan(θ/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 |η| < 1.74, the HCAL cells have

widths of 0.087 in pseudorapidity and 0.087 rad in azimuth (φ). In the (η, φ) plane, and for

|η| < 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

|η|, 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 |η| > 1.479. In addition to the barrel and endcap detectors, CMS has

extensive forward calorimetry covering the region 3.0 < |η| < 5.0.

Two event-shape variables have been studied: the central transverse thrust τ⊥,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

(|η| < 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]

τ⊥,C ≡ 1 − max
n̂T

∑i |�p⊥,i · n̂T|
∑i p⊥,i

, (1)

where p⊥,i is the transverse momentum of selected jet i. The axis n̂T which maximizes the sum,

and thus minimizes τ⊥,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
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✦ Event-shape variables

- central transverse thrust and thrust 
minor 
- probe different QCD radiative 
processes  
- sensitive to the 2j and 3j 
topologies
- dijets events have small values 

✦ Experimental measurement
- anti-kT, R=0.5, PF Jets
- calculate the event shape 
variables from the central jets in 3 
bins of pT,max

- 3.2 pb-1

- cancellation of many jet unc.
- full unfolding to the particle level 
using the SVD method
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measure of the momentum out of this plane and is defined as

Tm,C ≡ ∑i |�p⊥,i × n̂T,C |
∑i 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 ∆R = 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

Central Transverse Thrust
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Figure 1: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT between 90 and 125 GeV/c, from data
and from five MC simulations. The error bars on the data points represent the statistical uncer-
tainty on the data, and the shaded (blue) bands represent the sum of statistical and systematic
errors. The lower plots show the ratio between data and the different simulated samples.

✦ Data vs MC comparison
- Pythia6 and Herwig++ predictions are in good 
agreement with the data, in the entire phase 
space
- Pythia8 agrees with the data in the 2 lowest 
bins, but shows a dijet deficit in the highest bin  
- Madgraph and Alpgen show a similar 
discrepancy with the data (overestimate of dijet 
events)
‣ further investigation revealed that the ME 
generators reproduce well the leading jet, but 
producer harder second jets 
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but overestimate R32 for lower values of HT
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CMS-QCD-10-012

✦ Ratio of cross sections (3j/2j), vs HT
- insensitive to experimental uncertainties
- the NLO calculation for the given setup is affected by large scale uncertainties
- can be used for the αS measurement (in a different setup)

✦ Comparison to QCD MC generators  
- all generators agree for HT > 0.7 TeV with significant deviation at low values
- Madgraph is in excellent agreement with the data in the entire HT range
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✦ CMS has completed successfully many QCD jet measurements with 
the 2010 data

- 2 papers published, 1 accepted, 1 submitted and 2 will be submitted shortly

✦ The advanced understanding of the jet reconstruction and energy 
calibration has allowed us to perform competing jet measurements

✦ Overall, data and theory predictions are compatible

✦ Some small discrepancies have been observed in the QCD MC 
generators. The CMS measurements are available for further tuning of the 
MC generators

✦ With the 2011 data, CMS plans to perform precision studies 
(measurement of αS, differentiate between the various PDFs) which will 
be documented in detailed, long papers
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Figure 1: (Top Left) Unsmearing correction factors determined as a function of rapidy y and jet

transverse momentum pT. (Top Right) Unsmeared inclusive jet pT spectra for different y bins

with the next-to-leading-order (NLO) theoretical prediction, corrected for non-perturbative

(NP) effects, superimposed. (Bottom) The unsmeared measured spectra in data plotted as

the ratio of data to theory prediction. The solid lines represent total theoretical systematic

uncertainty. The shaded band about the data points represents the experimental systematic

systematic uncertainty.

Inclusive Jets Dijet Mass
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Cross-Section Theory Uncertainties
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Figure 32: Influence of the strong coupling αS (MZ) on the inclusive jet pT cross-section predic-

tion at NLO using the CT10 αS series of PDF sets with ∆αS(MZ) = ±0.002.
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Dijet Cross-Section Uncertainties

3.2 Non-Perturbative Corrections 25
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Figure 23: NLO predictions from the various PDF sets.
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Dijet Azimuthal Decorrelations (ISR)
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Hadronic Event Shapes
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Figure 1: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT between 90 and 125 GeV/c, from data
and from five MC simulations. The error bars on the data points represent the statistical uncer-
tainty on the data, and the shaded (blue) bands represent the sum of statistical and systematic
errors. The lower plots show the ratio between data and the different simulated samples.
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Figure 1: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT between 90 and 125 GeV/c, from data
and from five MC simulations. The error bars on the data points represent the statistical uncer-
tainty on the data, and the shaded (blue) bands represent the sum of statistical and systematic
errors. The lower plots show the ratio between data and the different simulated samples.
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Figure 2: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT between 125 and 200 GeV/c, from data
and from five MC simulations. The error bars on the data points represent the statistical uncer-
tainty on the data, and the shaded (blue) bands represent the sum of statistical and systematic
errors. The lower plots show the ratio between data and the different simulated samples.
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Figure 2: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT between 125 and 200 GeV/c, from data
and from five MC simulations. The error bars on the data points represent the statistical uncer-
tainty on the data, and the shaded (blue) bands represent the sum of statistical and systematic
errors. The lower plots show the ratio between data and the different simulated samples.
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Figure 3: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT,1 > 200 GeV/c, from data and from five
MC simulations. The error bars on the data points represent the statistical uncertainty on the
data, and the shaded (blue) bands represent the sum of statistical and systematic errors. The
lower plots show the ratio between data and the different simulated samples.
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Figure 3: Distributions of the logarithm of the central transverse thrust (top left) and central
thrust minor (top right) for events with a leading jet pT,1 > 200 GeV/c, from data and from five
MC simulations. The error bars on the data points represent the statistical uncertainty on the
data, and the shaded (blue) bands represent the sum of statistical and systematic errors. The
lower plots show the ratio between data and the different simulated samples.
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