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Multi-jets at the LHC 

•  Ideal tool to study QCD at hadron colliders 
 

•  Precision measurements with central high-pT jets 
 
è test LO, NLO pQCD calculations, PDF sets 
è challenge 2 à 2 matrix element MC  
    generators with parton showers 
 

•  Role of multiple parton interactions (MPI)? 
•  Double (hard) parton scattering?  
 
•  Go to extreme corners of phase space 

[W.J. Stirling] 

[arXiv:hep-ph/9712505v1] 

•  Very active field in ATLAS and CMS 
•  Challenging: high pile-up, jet energy scales, … 

•  Forward low-pT multi-jets 
è new parton dynamics? 
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Four-jet production 

•  Measure four-jet production in pp collisions at √s = 8 TeV with ATLAS: 
differential cross sections with momentum, mass and angular variables 
 

•  Selection:    Observables: 
 
 
 
 
 

•  Observables selected for their sensitivity  
to differences between MC models 
 

•  Probe performance of: 
- all order calc. with HEJ 
- NLO pQCD calc. 
- multi-leg ME + PS 
- 2 à 2 + PS 
 
 

•  Total exp. Uncertainty ~10%,  
dominated by jet energy scale 

JHEP 12 (2015) 105 

Anti-kT R=0.4, Njets ≥ 4, |y| < 2.8 
pT

(1) > 100 GeV, pT
(2,3,4) > 64 GeV 

well separated: ΔR4j
min > 0.65 
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Name Definition Comment

p(i)T Transverse momentum of the ith jet Sorted descending in pT

HT

4∑
i=1

p(i)T Scalar sum of the pT of the four jets

m4j

((
4∑

i=1
Ei

)2

−
(

4∑
i=1

pi

)2
)1/2

Invariant mass of the four jets

mmin
2j /m4j mini,j∈[1,4]

i ̸=j

(
(Ei + Ej)

2 − (pi + pj)
2
)1/2

/
m4j Minimum invariant mass of two jets rela-

tive to invariant mass of four jets

∆φmin
2j mini,j∈[1,4]

i ̸=j

(|φi − φj |) Minimum azimuthal separation of two jets

∆ymin
2j mini,j∈[1,4]

i ̸=j

(|yi − yj |) Minimum rapidity separation of two jets

∆φmin
3j mini,j,k∈[1,4]

i ̸=j ̸=k

(|φi − φj |+ |φj − φk|) Minimum azimuthal separation between

any three jets

∆ymin
3j mini,j,k∈[1,4]

i ̸=j ̸=k

(|yi − yj |+ |yj − yk|) Minimum rapidity separation between any

three jets

∆ymax
2j ∆ymax

ij = maxi,j∈[1,4] (|yi − yj |) Maximum rapidity difference between two

jets

ΣpcentralT |pcT|+ |pdT| If ∆ymax
2j is defined by jets a and b, this is

the scalar sum of the pT of the other two

jets, c and d (‘central’ jets)

Table 1. Definitions of the various kinematic variables measured. Only the four jets with the
largest pT are considered in all cases.

the next three must have pT > 64GeV. In addition, these four jets must be well separated

from one another by ∆Rmin
4j > 0.65, where ∆Rmin

4j = mini,j∈[1,4]
i ̸=j

(∆Rij), and ∆Rij =

(|yi − yj |2 + |φi − φj |2)1/2. This set of criteria is also referred to as the ‘inclusive analysis

cuts’ to differentiate them from the cases where additional requirements are made, for

example on the invariant mass of the four leading jets. The inclusive analysis cuts are

mainly motivated by the triggers used to select events, described in section 6.1.

Cross sections are measured differentially as a function of the kinematic variables de-

fined in table 1; the list includes momentum variables, mass variables and angular variables.

The only jets used in all cases are the four leading ones in pT. The observables were selected

for their sensitivity to differences between different Monte Carlo models of QCD processes

and their ability to describe the dynamics of the events. For example, the HT variable

is often used to set the scale of multi-jet processes. The four-jet invariant mass m4j is

representative of the largest energy scale in the event whereas mmin
2j , the minimum dijet

invariant mass, probes the smallest jet-splitting scale. The ratio mmin
2j /m4j therefore pro-

vides information about the range of energy scales relevant to the QCD calculation. The

∆φmin
2j and ∆ymin

2j variables quantify the minimum angular separation between any two

jets. The azimuthal variable ∆φmin
3j distinguishes events with pairs of nearby jets (which

– 4 –
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Four-jet production 

•  Measurements of jet transverse momenta distributions JHEP 12 (2015) 105 
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Figure 4. The four-jet differential cross section as a function of leading jet pT (p(1)T ), compared
to different theoretical predictions: Pythia, Herwig++ and MadGraph+Pythia (top), and
HEJ, NJet/Sherpa and BlackHat/Sherpa (bottom). For better comparison, the predictions
are multiplied by the factors indicated in the legend. In each figure, the top panel shows the
full spectra and the bottom panel the ratios of the different predictions to the data. The solid
band represents the total experimental systematic uncertainty centred at one. The patterned band
represents the NLO scale and PDF uncertainties calculated from NJet/Sherpa centred at the
nominal NJet/Sherpa values. The scale uncertainties for HEJ (not drawn) are typically +50%

−30%.
The ratio curves are formed by the central values with vertical uncertainty lines resulting from
the propagation of the statistical uncertainties of the predictions and those of the unfolded data
spectrum.
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Figure 4. The four-jet differential cross section as a function of leading jet pT (p(1)T ), compared
to different theoretical predictions: Pythia, Herwig++ and MadGraph+Pythia (top), and
HEJ, NJet/Sherpa and BlackHat/Sherpa (bottom). For better comparison, the predictions
are multiplied by the factors indicated in the legend. In each figure, the top panel shows the
full spectra and the bottom panel the ratios of the different predictions to the data. The solid
band represents the total experimental systematic uncertainty centred at one. The patterned band
represents the NLO scale and PDF uncertainties calculated from NJet/Sherpa centred at the
nominal NJet/Sherpa values. The scale uncertainties for HEJ (not drawn) are typically +50%

−30%.
The ratio curves are formed by the central values with vertical uncertainty lines resulting from
the propagation of the statistical uncertainties of the predictions and those of the unfolded data
spectrum.
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Figure 7. Unfolded four-jet differential cross section as a function of p(4)T , compared to different
theoretical predictions. The other details are as for figure 4.
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Figure 7. Unfolded four-jet differential cross section as a function of p(4)T , compared to different
theoretical predictions. The other details are as for figure 4.
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HEJ, NJet/Sherpa and BlackHat/Sherpa: good description of leading jets,  
but discrepancy for pT

(4)  è inverse behaviour for Pythia 
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Four-jet production 

•  Measurements of jet mass and angular variables: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Multi-leg ME calculations + PS model, Madgraph+Pythia, perform well 
 

•  Herwig++ struggles to describe mass scale variables 
•  In general HEJ provides good description of data 

 
•  NLO predictions: compatible with data within theoretical uncertainties  

JHEP 12 (2015) 105 
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Figure 10. Unfolded four-jet differential cross section as a function of mmin
2j /m4j, compared to

different theoretical predictions: Pythia, Herwig++ and MadGraph+Pythia (top), and HEJ,
NJet/Sherpa and BlackHat/Sherpa (bottom). For better comparison, the predictions are mul-
tiplied by the factors indicated in the legend. In each figure, the left panel shows the full spectra and
the right panel the ratios of the different predictions to the data, divided according to the selection
criterion applied to m4j. The solid band represents the total experimental systematic uncertainty
centred at one. The patterned band represents the NLO scale and PDF uncertainties calculated
from NJet/Sherpa centred at the nominal NJet/Sherpa values. The scale uncertainties for
HEJ (not drawn) are typically +50%

−30%. The ratio curves are formed by the central values and vertical
uncertainty lines resulting from the propagation of the statistical uncertainties of the predictions
and those of the unfolded data spectrum.
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Figure 10. Unfolded four-jet differential cross section as a function of mmin
2j /m4j, compared to

different theoretical predictions: Pythia, Herwig++ and MadGraph+Pythia (top), and HEJ,
NJet/Sherpa and BlackHat/Sherpa (bottom). For better comparison, the predictions are mul-
tiplied by the factors indicated in the legend. In each figure, the left panel shows the full spectra and
the right panel the ratios of the different predictions to the data, divided according to the selection
criterion applied to m4j. The solid band represents the total experimental systematic uncertainty
centred at one. The patterned band represents the NLO scale and PDF uncertainties calculated
from NJet/Sherpa centred at the nominal NJet/Sherpa values. The scale uncertainties for
HEJ (not drawn) are typically +50%

−30%. The ratio curves are formed by the central values and vertical
uncertainty lines resulting from the propagation of the statistical uncertainties of the predictions
and those of the unfolded data spectrum.
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Information about range of E-scales  
relevant to QCD calculation. J
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Name Definition Comment

p(i)T Transverse momentum of the ith jet Sorted descending in pT

HT

4∑
i=1

p(i)T Scalar sum of the pT of the four jets

m4j

((
4∑

i=1
Ei

)2

−
(

4∑
i=1

pi

)2
)1/2

Invariant mass of the four jets

mmin
2j /m4j mini,j∈[1,4]

i ̸=j

(
(Ei + Ej)

2 − (pi + pj)
2
)1/2

/
m4j Minimum invariant mass of two jets rela-

tive to invariant mass of four jets

∆φmin
2j mini,j∈[1,4]

i ̸=j

(|φi − φj |) Minimum azimuthal separation of two jets

∆ymin
2j mini,j∈[1,4]

i ̸=j

(|yi − yj |) Minimum rapidity separation of two jets

∆φmin
3j mini,j,k∈[1,4]

i ̸=j ̸=k

(|φi − φj |+ |φj − φk|) Minimum azimuthal separation between

any three jets

∆ymin
3j mini,j,k∈[1,4]

i ̸=j ̸=k

(|yi − yj |+ |yj − yk|) Minimum rapidity separation between any

three jets

∆ymax
2j ∆ymax

ij = maxi,j∈[1,4] (|yi − yj |) Maximum rapidity difference between two

jets

ΣpcentralT |pcT|+ |pdT| If ∆ymax
2j is defined by jets a and b, this is

the scalar sum of the pT of the other two

jets, c and d (‘central’ jets)

Table 1. Definitions of the various kinematic variables measured. Only the four jets with the
largest pT are considered in all cases.

the next three must have pT > 64GeV. In addition, these four jets must be well separated

from one another by ∆Rmin
4j > 0.65, where ∆Rmin

4j = mini,j∈[1,4]
i ̸=j

(∆Rij), and ∆Rij =

(|yi − yj |2 + |φi − φj |2)1/2. This set of criteria is also referred to as the ‘inclusive analysis

cuts’ to differentiate them from the cases where additional requirements are made, for

example on the invariant mass of the four leading jets. The inclusive analysis cuts are

mainly motivated by the triggers used to select events, described in section 6.1.

Cross sections are measured differentially as a function of the kinematic variables de-

fined in table 1; the list includes momentum variables, mass variables and angular variables.

The only jets used in all cases are the four leading ones in pT. The observables were selected

for their sensitivity to differences between different Monte Carlo models of QCD processes

and their ability to describe the dynamics of the events. For example, the HT variable

is often used to set the scale of multi-jet processes. The four-jet invariant mass m4j is

representative of the largest energy scale in the event whereas mmin
2j , the minimum dijet

invariant mass, probes the smallest jet-splitting scale. The ratio mmin
2j /m4j therefore pro-

vides information about the range of energy scales relevant to the QCD calculation. The

∆φmin
2j and ∆ymin

2j variables quantify the minimum angular separation between any two

jets. The azimuthal variable ∆φmin
3j distinguishes events with pairs of nearby jets (which
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Four-jet production 

•  Measurements of jet mass and angular variables: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Herwig++ performs well in the azimuthal angle variables 
•  Pythia fails at lower leading jet pT’s 

 
•  NLO predictions: compatible with data within theoretical uncertainties  
•  In general: shortcomings of 2 → 2 ME+PS predictions in variety of scenarios 

JHEP 12 (2015) 105 
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Distinguishes pairs of nearby jets from  
the recoil of three jets against one 

J
H
E
P
1
2
(
2
0
1
5
)
1
0
5

Name Definition Comment

p(i)T Transverse momentum of the ith jet Sorted descending in pT

HT

4∑
i=1

p(i)T Scalar sum of the pT of the four jets

m4j

((
4∑

i=1
Ei

)2

−
(

4∑
i=1

pi

)2
)1/2

Invariant mass of the four jets

mmin
2j /m4j mini,j∈[1,4]

i ̸=j

(
(Ei + Ej)

2 − (pi + pj)
2
)1/2

/
m4j Minimum invariant mass of two jets rela-

tive to invariant mass of four jets

∆φmin
2j mini,j∈[1,4]

i ̸=j

(|φi − φj |) Minimum azimuthal separation of two jets

∆ymin
2j mini,j∈[1,4]

i ̸=j

(|yi − yj |) Minimum rapidity separation of two jets

∆φmin
3j mini,j,k∈[1,4]

i ̸=j ̸=k

(|φi − φj |+ |φj − φk|) Minimum azimuthal separation between

any three jets

∆ymin
3j mini,j,k∈[1,4]

i ̸=j ̸=k

(|yi − yj |+ |yj − yk|) Minimum rapidity separation between any

three jets

∆ymax
2j ∆ymax

ij = maxi,j∈[1,4] (|yi − yj |) Maximum rapidity difference between two

jets

ΣpcentralT |pcT|+ |pdT| If ∆ymax
2j is defined by jets a and b, this is

the scalar sum of the pT of the other two

jets, c and d (‘central’ jets)

Table 1. Definitions of the various kinematic variables measured. Only the four jets with the
largest pT are considered in all cases.

the next three must have pT > 64GeV. In addition, these four jets must be well separated

from one another by ∆Rmin
4j > 0.65, where ∆Rmin

4j = mini,j∈[1,4]
i ̸=j

(∆Rij), and ∆Rij =

(|yi − yj |2 + |φi − φj |2)1/2. This set of criteria is also referred to as the ‘inclusive analysis

cuts’ to differentiate them from the cases where additional requirements are made, for

example on the invariant mass of the four leading jets. The inclusive analysis cuts are

mainly motivated by the triggers used to select events, described in section 6.1.

Cross sections are measured differentially as a function of the kinematic variables de-

fined in table 1; the list includes momentum variables, mass variables and angular variables.

The only jets used in all cases are the four leading ones in pT. The observables were selected

for their sensitivity to differences between different Monte Carlo models of QCD processes

and their ability to describe the dynamics of the events. For example, the HT variable

is often used to set the scale of multi-jet processes. The four-jet invariant mass m4j is

representative of the largest energy scale in the event whereas mmin
2j , the minimum dijet

invariant mass, probes the smallest jet-splitting scale. The ratio mmin
2j /m4j therefore pro-

vides information about the range of energy scales relevant to the QCD calculation. The

∆φmin
2j and ∆ymin

2j variables quantify the minimum angular separation between any two

jets. The azimuthal variable ∆φmin
3j distinguishes events with pairs of nearby jets (which

– 4 –
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Transverse energy-energy correlations 

•  Measurements of energy-weighted angular distributions of hadron pairs 
è proposed in e+e- annihilation as alternative event shape variable 
è by construction not affected by soft divergences 
 

•  Significant impact on precision tests of pQCD and determination of αS  
 

•  At hadron colliders: 
transverse energy-energy correlations:  and its asymmetry: 
 
 
 
 
 
 
 

•  ATLAS measurements in pp collisions at 7 TeV: 
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1. Introduction

The study of jet production at the LHC provides a quantitative 
test of Quantum Chromodynamics, QCD, at the highest momentum 
transfers. Theoretical calculations for jet cross-sections in hadronic 
collisions have been carried out up to next-to-leading order (NLO) 
accuracy in the strong coupling constant αs [1–3] and extensively 
compared with the data [4–10]. These calculations are valid for 
configurations with up to four jets in the final state.

Event shape variables have been measured in all major e+e−

experiments, as well as in experiments at the electron–proton col-
lider HERA. These studies were recently extended to hadron collid-
ers with measurements of the transverse thrust and the transverse 
minor [11,12] at the Tevatron [13] and the LHC [14,15].

Energy–energy correlations (EEC), i.e. measurements of the 
energy-weighted angular distributions of hadron pairs produced 
in e+e− annihilation, were proposed in Refs. [16,17] as an alter-
native event shape variable not based on the determination of the 
thrust principal axis [18] or the sphericity tensor [19]. The EEC 
function and its asymmetry, AEEC, were subsequently calculated in 
O(α2

s ) [20–22], and their measurements [23–35] have had signifi-
cant impact on the precision tests of perturbative QCD and in the 
determination of the strong coupling constant in e+e− annihila-
tion experiments; a recent review is given in Ref. [36]. The EEC are 

⋆ E-mail address: atlas.publications@cern.ch.

by construction not affected by soft divergences, and as a conse-
quence of this they are calculable at high orders.

The transverse energy–energy correlation function, TEEC, and 
its asymmetry, ATEEC, were proposed as the analogous variables 
at hadron collider experiments in Ref. [37], where predictions to 
leading order (LO) were also presented. The NLO corrections were 
calculated recently in Ref. [38] using NLOJet++ [2,3]. These calcu-
lations allow for a numerical determination of the NLO predictions 
for the TEEC and ATEEC, i.e. the coefficients of the second order 
polynomials in the strong coupling constant. They are used in this 
paper for quantitative precision tests of QCD including a determi-
nation of the strong coupling constant. The TEEC is defined as:

1
σ

d$

d(cos φ)
= 1

σ

∑

i j

∫
dσ

dxTidxT jd(cosφ)
xTi xT jdxTidxT j, (1)

where the sum runs over all pairs of jets in the final state with 
azimuthal1 angular difference φ = &ϕi j and xTi = ETi/ET is the 
transverse energy carried by jet i in units of the sum of jet trans-
verse energies ET = ∑

i ETi . In order to cancel uncertainties that 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upward. Cylindrical coordinates (r, ϕ) are used in the transverse plane, ϕ
being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2).

http://dx.doi.org/10.1016/j.physletb.2015.09.050
0370-2693/© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
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are constant over cosφ ∈ [−1, 1], it is useful to define the az-
imuthal asymmetry of the TEEC (ATEEC) as

1
σ

d#asym

d(cosφ)
≡ 1

σ

d#

d(cosφ)

∣∣∣∣
φ

− 1
σ

d#

d(cosφ)

∣∣∣∣
π−φ

. (2)

This Letter presents a measurement of the TEEC and its associated 
asymmetry using high-energy jets.

2. The ATLAS detector

The ATLAS detector [39] is a multi-purpose particle physics de-
tector with a forward–backward symmetric cylindrical geometry 
and a solid angle coverage of almost 4π .

The inner tracking system covers the pseudorapidity range 
|η| < 2.5, and consists of a silicon pixel detector, a silicon mi-
crostrip detector, and, for |η| < 2.0, a transition radiation tracker. 
It is surrounded by a thin superconducting solenoid providing a 
2 T magnetic field along the beam direction. A high-granularity 
liquid-argon sampling electromagnetic calorimeter covers the re-
gion |η| < 3.2. An iron/scintillator tile hadronic calorimeter pro-
vides coverage in the range |η| < 1.7. The endcap and forward re-
gions, spanning 1.5 < |η| < 4.9, are instrumented with liquid-argon 
calorimeters for electromagnetic and hadronic measurements. The 
muon spectrometer surrounds the calorimeters. It consists of three 
large air-core superconducting toroid systems and separate trig-
ger and high-precision tracking chambers providing accurate muon 
tracking for |η| < 2.7.

The trigger system [40] has three consecutive levels: level 1 (L1), 
level 2 (L2) and the event filter (EF). The L1 triggers are hardware-
based and use coarse detector information to identify regions of 
interest, whereas the L2 triggers are software-based and perform 
a fast online data reconstruction. Finally, the EF uses reconstruc-
tion algorithms similar to the offline versions with the full detector 
granularity.

3. Monte Carlo samples

Multi-jet production in pp collisions is represented by the con-
volution of the production cross-sections for parton–parton scat-
tering with the parton distribution functions. Monte Carlo (MC) 
generators differ in the approximations used to calculate the un-
derlying short-distance QCD process, in the way parton showers 
are built to take into account higher-order effects and in the frag-
mentation scheme responsible for long-distance effects. For this 
analysis, two different MC approaches are used, depending on 
whether the underlying hard process is considered to be 2 → 2
or multi-legged. The generated events are then processed with the 
ATLAS full detector simulation [41] based on Geant4 [42].

The baseline MC samples are generated using Pythia 6.423 [43]
with the matrix elements for the underlying 2 → 2 processes cal-
culated at LO using the MRST2007LO* parton distribution functions 
(PDF) [44] and matched to transverse-momentum-ordered parton 
showers. The AUET2B tune [45,46] is used to model the underlying 
event (UE) and the hadronisation follows the Lund string model 
[47].

Additional samples are generated with Herwig++ 2.5.1 [48], us-
ing the CTEQ6.6 PDF [49] and the UE7000 tune for the underlying 
event [50]. Herwig++ uses angular-ordered parton showers, a clus-
ter hadronisation scheme and its own underlying-event parameter-
isation given by Jimmy [51].

A different approach to simulate multi-jet final states is fol-
lowed by Alpgen [52]. This approach is based on LO matrix-
element calculations for 2 → n multi-parton final states, with 
n ≤ 6, interfaced with Herwig+Jimmy [53,51] to provide the par-
ton shower, hadronisation and underlying-event models. Alpgen is 

known to provide a good description of the multi-jet final states 
as measured by ATLAS [54].

4. Event selection and jet calibration

The data used in this analysis were recorded in 2011 at 
√

s =
7 TeV and collected using a single-jet trigger. It requires at least 
one jet, reconstructed with the anti-kt algorithm [55] with ra-
dius parameter R = 0.4 as implemented in FastJet [56]. The jet 
transverse energy, ET = E sin θ , is required to be greater than 
135 GeV at the trigger level. This trigger is fully efficient at recon-
structed transverse energies above 240 GeV. Taking into account 
the prescale factor of this trigger, the data collected correspond to 
an effective integrated luminosity of Leff = 158 pb−1 [57].

Events are required to have at least one primary vertex, with 
five or more associated tracks with transverse momentum pT >
400 MeV. If there is more than one primary vertex, the vertex 
maximising 

∑
p2

T is chosen. MC simulated events are subject to 
a reweighting algorithm in order to match the average number of 
interactions per bunch-crossing observed in the data.

In the analysis, jets are reconstructed with the same algorithm 
as used in the trigger, the anti-kt algorithm with radius parameter 
R = 0.4. The input objects to the jet algorithm are topological clus-
ters of energy deposits in the calorimeters [58]. The baseline cali-
bration for these clusters corrects their energy using local hadronic 
calibration [59,60]. The four-momentum of an uncalibrated jet is 
defined as the sum of the four-momenta of its constituent clus-
ters, which are considered massless. The resulting jets are massive. 
However, the effect of this mass is marginal for jets in the kine-
matic range considered in this paper.

The jet calibration procedure includes energy corrections for 
multiple pp interactions in the same or neighbouring bunch cross-
ings, termed “pileup” in the following, as well as angular correc-
tions to ensure that the jet originates from the primary vertex. 
Effects due to energy losses in inactive material, shower leakage, 
the magnetic field, as well as inefficiencies in energy clustering 
and jet reconstruction, are taken into account. This is done us-
ing an MC-based correction, in bins of η and pT, derived from the 
relation of the reconstructed jet energy to the energy of the corre-
sponding hadron-level jet, not including muons or non-interacting 
particles. In a final step, an in situ calibration corrects for residual 
differences in the jet response between the MC simulation and the 
data using momentum-balance techniques for dijet, γ + jet, Z +
jet and multi-jet final states. This so-called jet energy scale (JES) 
[61] is subject to uncertainties including those affecting the energy 
of well-measured objects, like Z bosons and photons. The total JES 
uncertainty is given by a set of independent sources, correlated in 
pT. The uncertainty in the pT of individual jets due to the JES in-
creases from (1–4)% for |η| < 1.8, to 5% for 1.8 < |η| < 4.5.

The selected events must have at least two jets with trans-
verse momentum pT > 50 GeV and pseudorapidity |η| < 2.5. The 
two leading jets are further required to fulfil pT1 + pT2 > 500 GeV. 
In addition, jets are required to satisfy quality criteria that reject 
beam-induced backgrounds [62], as well as criteria for the fraction 
of the momentum of tracks within the jet which arise from the 
primary interaction vertex. The number of selected events in data 
is 3.8 × 105, with an average jet multiplicity ⟨Njet⟩ = 2.6. The re-
sulting distribution for (pT1 + pT2)/2 extends up to 1.3 TeV with 
an average value of 305 GeV.

5. Results at the detector level

The selected events are used to measure the TEEC and its asso-
ciated asymmetry ATEEC, as defined in Equations (1) and (2). The 

Sum over all pairs of jets with: 
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1. Introduction

The study of jet production at the LHC provides a quantitative 
test of Quantum Chromodynamics, QCD, at the highest momentum 
transfers. Theoretical calculations for jet cross-sections in hadronic 
collisions have been carried out up to next-to-leading order (NLO) 
accuracy in the strong coupling constant αs [1–3] and extensively 
compared with the data [4–10]. These calculations are valid for 
configurations with up to four jets in the final state.

Event shape variables have been measured in all major e+e−

experiments, as well as in experiments at the electron–proton col-
lider HERA. These studies were recently extended to hadron collid-
ers with measurements of the transverse thrust and the transverse 
minor [11,12] at the Tevatron [13] and the LHC [14,15].

Energy–energy correlations (EEC), i.e. measurements of the 
energy-weighted angular distributions of hadron pairs produced 
in e+e− annihilation, were proposed in Refs. [16,17] as an alter-
native event shape variable not based on the determination of the 
thrust principal axis [18] or the sphericity tensor [19]. The EEC 
function and its asymmetry, AEEC, were subsequently calculated in 
O(α2

s ) [20–22], and their measurements [23–35] have had signifi-
cant impact on the precision tests of perturbative QCD and in the 
determination of the strong coupling constant in e+e− annihila-
tion experiments; a recent review is given in Ref. [36]. The EEC are 
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by construction not affected by soft divergences, and as a conse-
quence of this they are calculable at high orders.

The transverse energy–energy correlation function, TEEC, and 
its asymmetry, ATEEC, were proposed as the analogous variables 
at hadron collider experiments in Ref. [37], where predictions to 
leading order (LO) were also presented. The NLO corrections were 
calculated recently in Ref. [38] using NLOJet++ [2,3]. These calcu-
lations allow for a numerical determination of the NLO predictions 
for the TEEC and ATEEC, i.e. the coefficients of the second order 
polynomials in the strong coupling constant. They are used in this 
paper for quantitative precision tests of QCD including a determi-
nation of the strong coupling constant. The TEEC is defined as:

1
σ

d$

d(cos φ)
= 1

σ

∑

i j

∫
dσ

dxTidxT jd(cosφ)
xTi xT jdxTidxT j, (1)

where the sum runs over all pairs of jets in the final state with 
azimuthal1 angular difference φ = &ϕi j and xTi = ETi/ET is the 
transverse energy carried by jet i in units of the sum of jet trans-
verse energies ET = ∑

i ETi . In order to cancel uncertainties that 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upward. Cylindrical coordinates (r, ϕ) are used in the transverse plane, ϕ
being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2).
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1. Introduction

The study of jet production at the LHC provides a quantitative 
test of Quantum Chromodynamics, QCD, at the highest momentum 
transfers. Theoretical calculations for jet cross-sections in hadronic 
collisions have been carried out up to next-to-leading order (NLO) 
accuracy in the strong coupling constant αs [1–3] and extensively 
compared with the data [4–10]. These calculations are valid for 
configurations with up to four jets in the final state.

Event shape variables have been measured in all major e+e−

experiments, as well as in experiments at the electron–proton col-
lider HERA. These studies were recently extended to hadron collid-
ers with measurements of the transverse thrust and the transverse 
minor [11,12] at the Tevatron [13] and the LHC [14,15].

Energy–energy correlations (EEC), i.e. measurements of the 
energy-weighted angular distributions of hadron pairs produced 
in e+e− annihilation, were proposed in Refs. [16,17] as an alter-
native event shape variable not based on the determination of the 
thrust principal axis [18] or the sphericity tensor [19]. The EEC 
function and its asymmetry, AEEC, were subsequently calculated in 
O(α2

s ) [20–22], and their measurements [23–35] have had signifi-
cant impact on the precision tests of perturbative QCD and in the 
determination of the strong coupling constant in e+e− annihila-
tion experiments; a recent review is given in Ref. [36]. The EEC are 

⋆ E-mail address: atlas.publications@cern.ch.

by construction not affected by soft divergences, and as a conse-
quence of this they are calculable at high orders.

The transverse energy–energy correlation function, TEEC, and 
its asymmetry, ATEEC, were proposed as the analogous variables 
at hadron collider experiments in Ref. [37], where predictions to 
leading order (LO) were also presented. The NLO corrections were 
calculated recently in Ref. [38] using NLOJet++ [2,3]. These calcu-
lations allow for a numerical determination of the NLO predictions 
for the TEEC and ATEEC, i.e. the coefficients of the second order 
polynomials in the strong coupling constant. They are used in this 
paper for quantitative precision tests of QCD including a determi-
nation of the strong coupling constant. The TEEC is defined as:

1
σ

d$

d(cos φ)
= 1

σ

∑

i j

∫
dσ

dxTidxT jd(cosφ)
xTi xT jdxTidxT j, (1)

where the sum runs over all pairs of jets in the final state with 
azimuthal1 angular difference φ = &ϕi j and xTi = ETi/ET is the 
transverse energy carried by jet i in units of the sum of jet trans-
verse energies ET = ∑

i ETi . In order to cancel uncertainties that 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upward. Cylindrical coordinates (r, ϕ) are used in the transverse plane, ϕ
being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2).

http://dx.doi.org/10.1016/j.physletb.2015.09.050
0370-2693/© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

è Cancel uncertainties that are  
    constant over cosϕ 

(TEEC) 
(ATEEC) 
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Transverse energy-energy correlations 

•  Measure the TEEC and ATEEC distributions: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Both less affected by experimental effects (jet energy scale, pile-up)  
than absolute cross section measurements 
 

•  Similarly, PDF uncertainties in theoretical predictions cancel to large extent 
è well suited observables to determine αS 
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Fig. 3. The unfolded distributions for transverse energy–energy correlation (left) and its asymmetry (right) along with comparisons to MC expectations. The statistical 
uncertainties are shown with error bars, while the total experimental uncertainties are shown in a shaded band.

Table 1
Values of the transverse energy–energy correlation function (TEEC). The statistical and systematic uncertainties, due to Jet Energy Scale and Resolution (JES and JER), shower 
modelling as well as pileup and unfolding, are shown in the subsequent columns. Uncertainties marked with a dash (–) are smaller than 0.00005.

cosφ TEEC Stat. JES JER Shower Pileup Unfolding

(−1.00,−0.96) 10.008 0.008 +0.033
−0.034 0.009 0.037 0.008 0.008

(−0.96,−0.92) 0.8218 0.0047 +0.0044
−0.0040 0.0011 0.0044 0.0036 0.0005

(−0.92,−0.88) 0.3848 0.0029 +0.0029
−0.0026 0.0006 0.0028 0.0028 0.0002

(−0.88,−0.84) 0.2324 0.0022 +0.0024
−0.0022 0.0004 0.0023 0.0022 0.0001

(−0.84,−0.80) 0.1612 0.0017 +0.0022
−0.0022 0.0003 0.0022 0.0018 0.0002

(−0.80,−0.72) 0.1095 0.0009 +0.0020
−0.0020 0.0002 0.0020 0.0015 0.0002

(−0.72,−0.64) 0.0767 0.0008 +0.0017
−0.0017 0.0001 0.0017 0.0012 0.0001

(−0.64,−0.56) 0.0574 0.0006 +0.0015
−0.0015 0.0001 0.0015 0.0009 0.0001

(−0.56,−0.48) 0.0472 0.0005 +0.0014
−0.0014 0.0001 0.0014 0.0005 0.0001

(−0.48,−0.36) 0.0400 0.0004 +0.0012
−0.0013 0.0001 0.0012 0.0003 0.0001

(−0.36,−0.24) 0.0329 0.0004 +0.0011
−0.0012 0.0001 0.0010 0.0001 0.0001

(−0.24,−0.12) 0.0302 0.0003 +0.0010
−0.0011 0.0001 0.0009 0.0001 0.0001

(−0.12,0.00) 0.0273 0.0003 +0.0009
−0.0010 – 0.0008 0.0001 0.0001

(0.00,0.12) 0.0262 0.0003 +0.0009
−0.0010 – 0.0008 0.0001 –

(0.12,0.24) 0.0264 0.0003 +0.0009
−0.0010 – 0.0008 0.0002 –

(0.24,0.36) 0.0272 0.0003 +0.0009
−0.0010 0.0001 0.0009 0.0004 –

(0.36,0.48) 0.0286 0.0003 +0.0010
−0.0010 0.0001 0.0010 0.0006 –

(0.48,0.56) 0.0306 0.0004 +0.0011
−0.0010 0.0001 0.0011 0.0008 –

(0.56,0.64) 0.0340 0.0004 +0.0012
−0.0011 0.0001 0.0011 0.0006 –

(0.64,0.72) 0.0391 0.0004 +0.0014
−0.0014 0.0001 0.0012 0.0004 0.0001

(0.72,0.80) 0.0487 0.0004 +0.0017
−0.0018 0.0001 0.0013 0.0002 0.0001

(0.80,0.84) 0.0639 0.0007 +0.0024
−0.0026 0.0001 0.0014 0.0002 0.0002

(0.84,0.88) 0.0780 0.0008 +0.0029
−0.0032 0.0002 0.0014 0.0002 0.0004

(0.88,0.92) 0.0955 0.0009 +0.0031
−0.0033 0.0002 0.0013 0.0003 0.0005

(0.92,0.96) 0.1025 0.0009 +0.0021
−0.0022 0.0001 0.0009 0.0003 0.0004

(0.96,1.00) 11.448 0.003 +0.039
−0.036 0.006 0.030 0.008 0.008

Well described by  
Pythia6 and Alpgen 
 
Herwig++:  
discrepancies up to ~30% 
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Fig. 4. The unfolded distributions for transverse energy–energy correlation (left) and its asymmetry (right) compared with the results of a fit to pQCD NLO calculations 
including non-perturbative corrections. The green shaded band indicates the uncertainty on the theoretical predictions, which includes the sum in quadrature of uncertainties 
associated with scale, αs , PDF and NPC. The statistical uncertainties on the predictions are indicated by green error bars, appreciable only on the tail of the ATEEC. The solid 
error bars on the data points (in black) indicate the experimental uncertainties taking into account the correlations between them. The fitted values of the strong coupling 
constant are αfit

s (mZ ) = 0.1173 (TEEC) and αfit
s (mZ ) = 0.1195 (ATEEC). (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)

Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COL-
CIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Repub-
lic; DNRF, DNSRC and Lundbeck Foundation, Denmark; EPLANET, 
ERC and NSRF, European Union; IN2P3-CNRS, CEA-DSM/IRFU, 
France; GNSF, Georgia; BMBF, DFG, HGF, MPG and AvH Foundation, 
Germany; GSRT and NSRF, Greece; RGC, Hong Kong SAR, China; 
ISF, MINERVA, GIF, I-CORE and Benoziyo Center, Israel; INFN, Italy; 
MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO, Nether-
lands; BRF and RCN, Norway; MNiSW and NCN, Poland; GRICES 
and FCT, Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, 
Russian Federation; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and 
MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and 
Wallenberg Foundation, Sweden; SER, SNSF and Cantons of Bern 
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the 
Royal Society and Leverhulme Trust, United Kingdom; DOE and 
NSF, United States of America.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN and the ATLAS 
Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, 
Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF 
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) 
and BNL (USA) and in the Tier-2 facilities worldwide.

References

[1] S. Catani, M.H. Seymour, The dipole formalism for the calculation of QCD jet 
cross-sections at NLO, Phys. Lett. B 378 (1996) 287, arXiv:hep-ph/9602277.

[2] Z. Nagy, Three-jet cross-sections in hadron–hadron collisions at NLO, Phys. Rev. 
Lett. 88 (2002) 122003, arXiv:hep-ph/0110315.

[3] Z. Nagy, Next-to-leading order calculation of three-jet observables in hadron–
hadron collisions, Phys. Rev. D 68 (2003) 094002, arXiv:hep-ph/0307268.

[4] ATLAS Collaboration, Measurement of the inclusive jet cross-section in proton-
proton collisions at √s = 7 TeV using 4.5 fb−1 of data with the ATLAS detector, 
J. High Energy Phys. 02 (2015) 153, arXiv:1410.8857 [hep-ex].

[5] ATLAS Collaboration, Measurement of dijet cross sections in pp collisions at 7 
TeV centre-of-mass energy using the ATLAS detector, J. High Energy Phys. 05 
(2014) 059, arXiv:1312.3524 [hep-ex].

[6] ATLAS Collaboration, Measurement of the inclusive jet cross section in pp
collisions at √

s = 2.76 TeV and comparison to the inclusive jet cross sec-
tion at √s = 7 TeV using the ATLAS detector, Eur. Phys. J. C 73 (2013) 2509, 
arXiv:1304.4739 [hep-ex].

[7] ATLAS Collaboration, Measurement of three-jet production cross-sections in pp
collisions at 7 TeV centre-of-mass energy using the ATLAS detector, Eur. Phys. 
J. C 75 (2015) 228, arXiv:1411.1855 [hep-ex].

[8] CMS Collaboration, Ratios of dijet production cross sections as a function of 
the absolute difference in rapidity between jets in proton–proton collisions at √

s = 7 TeV, Eur. Phys. J. C 72 (2012) 2216, arXiv:1204.0696 [hep-ex].
[9] CMS Collaboration, Measurements of differential jet cross sections in proton–

proton collisions at √s = 7 TeV with the CMS detector, Phys. Rev. D 87 (2013) 
112002, arXiv:1212.6660 [hep-ex].

[10] CMS Collaboration, Measurement of the inclusive 3-jet production differen-
tial cross section in proton–proton collisions at 7 TeV and determination of 
the strong coupling constant in the TeV range, Eur. Phys. J. C 75 (2015) 186, 
arXiv:1412.1633 [hep-ex].

[11] A. Banfi, G.P. Salam, G. Zanderighi, Resummed event shapes at hadron–hadron 
colliders, J. High Energy Phys. 08 (2004) 062, arXiv:hep-ph/0407287.

[12] A. Banfi, G.P. Salam, G. Zanderighi, Phenomenology of event shapes at hadron 
colliders, J. High Energy Phys. 06 (2010) 038, arXiv:1001.4082 [hep-ph].

[13] T. Aaltonen, et al., CDF Collaboration, Measurement of event shapes in proton–
antiproton collisions at center-of-mass energy 1.96 TeV, Phys. Rev. D 83 (2011) 
112007, arXiv:1103.5143 [hep-ex].

[14] CMS Collaboration, First measurement of hadronic event shapes in pp colli-
sions at √s = 7 TeV, Phys. Lett. B 699 (2011) 48, arXiv:1102.0068 [hep-ex].

[15] ATLAS Collaboration, Measurement of event shapes at large momentum trans-
fer with the ATLAS detector in pp collisions at √s = 7 TeV, Eur. Phys. J. C 72 
(2012) 2211, arXiv:1206.2135 [hep-ex].

[16] C.L. Basham, L.S. Brown, S.D. Ellis, S.T. Love, Energy correlations in electron–
positron annihilation: testing quantum chromodynamics, Phys. Rev. Lett. 41 
(1978) 1585.

[17] C.L. Basham, L.S. Brown, S.D. Ellis, S.T. Love, Energy correlations in electron–
positron annihilation in quantum chromodynamics: asymptotically free pertur-
bation theory, Phys. Rev. D 19 (1979) 2018.

[18] S. Brandt, C. Peyrou, R. Sosnowski, A. Wroblewski, The principal axis of jets – 
an attempt to analyse high-energy collisions as two-body processes, Phys. Lett. 
12 (1964) 57.

Transverse energy-energy correlations 

•  Use TEEC and ATEEC to extract value of strong coupling constant: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Data for |cosϕ| < 0.92 fitted to QCD predictions obtained with NLOJET++ 
 

•  From TEEC fit, using CT10 PDF set, yields: 

Compare to  
NLO pQCD calculations 
è describe data well 
 
renorm. and fact. 
scales: (pT1 + pT2)/2  
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Table 3
Results for αs from fits to the TEEC function using different PDF sets, namely MSTW 2008, CT10, NNPDF 2.3 and HERAPDF 1.5, together with 
experimental as well as theoretical uncertainties due to scale and PDF choices and non-perturbative corrections.

PDF αs(mZ ) value χ2/Ndof

MSTW 2008 0.1175 ± 0.0010 (exp.) +0.0059
−0.0019 (scale) ± 0.0006 (PDF) ± 0.0002 (NPC) 29.0/21

CT10 0.1173 ± 0.0010 (exp.) +0.0063
−0.0020 (scale) ± 0.0017 (PDF) ± 0.0002 (NPC) 28.4/21

NNPDF 2.3 0.1183 ± 0.0010 (exp.) +0.0059
−0.0013 (scale) ± 0.0009 (PDF) ± 0.0002 (NPC) 29.3/21

HERAPDF 1.5 0.1167 ± 0.0007 (exp.) +0.0040
−0.0008 (scale) +0.0007

−0.0024 (PDF) ± 0.0001 (NPC) 28.7/21

Table 4
Results for αs from fits to the ATEEC function using different PDF sets, namely MSTW 2008, CT10, NNPDF 2.3 and HERAPDF 
1.5, together with experimental as well as theoretical uncertainties due to scale and PDF choices. The uncertainty due to the 
non-perturbative corrections is negligible.

PDF αs(mZ ) value χ2/Ndof

MSTW 2008 0.1195 ± 0.0017 (exp.) +0.0055
−0.0015 (scale) ± 0.0006 (PDF) 12.7/10

CT10 0.1195 ± 0.0018 (exp.) +0.0060
−0.0015 (scale) ± 0.0016 (PDF) 12.6/10

NNPDF 2.3 0.1206 ± 0.0018 (exp.) +0.0057
−0.0013 (scale) ± 0.0009 (PDF) 12.2/10

HERAPDF 1.5 0.1182 ± 0.0013 (exp.) +0.0041
−0.0008 (scale) +0.0007

−0.0025 (PDF) 12.1/10

The theoretical uncertainties on the predictions are treated by 
varying the theoretical distributions by each independent source 
of uncertainty (scale, all independent PDF uncertainties and non-
perturbative corrections) and repeating the fit using the modified 
theoretical input.

The fit to the TEEC data exhibits shifts in a few nuisance pa-
rameters, which are always compatible with the ±1σ band. The 
results for the strong coupling constant obtained using different 
parameterisations of the PDF are summarised in Table 3, together 
with the experimental uncertainties and the values of χ2/Ndof.

The final value for the TEEC fits is chosen to be the one ob-
tained using CT10, since its PDF uncertainty is largest and serves 
as an envelope covering the variations with different PDF sets as 
shown in Table 3:

αs(mZ ) = 0.1173 ± 0.0010 (exp.) +0.0063
−0.0020 (scale)

± 0.0017 (PDF) ± 0.0002 (NPC) . (8)

The fit to the ATEEC data does not show any significant shift in 
the values of the nuisance parameters. In this case, the fit results in 
the values for the strong coupling constant which are summarised 
in Table 4.

The final value for the ATEEC fit is also chosen to be the one 
obtained using the CT10 parton distribution functions:

αs(mZ ) = 0.1195 ± 0.0018 (exp.) +0.0060
−0.0015 (scale) ± 0.0016 (PDF).

(9)

The agreement between the fitted theoretical NLO predictions, 
including non-perturbative corrections, and the data is good as 
shown in Fig. 4 and indicated by the χ2 values given in Tables 3
and 4. Restricting the angular region in the fits to (−0.72, 0.72), 
yield values of the strong coupling constant which vary within ex-
perimental uncertainties. The values of αs(mZ ) found in this analy-
sis are in agreement with the world average αs(mZ ) = 0.1185 ±
0.0006 [73], as well as with other determinations of the strong 
coupling constant from the data collected at the LHC [71,10,74].

Calculations beyond NLO accuracy, which are already available 
for processes such as top-quark pair [75] or Higgs boson produc-
tion [76], are needed for multi-jet production at LHC energies. 
They are expected to reduce the scale uncertainties, which are the 
limiting factor in this determination of the strong coupling con-
stant.

9. Summary

First measurements of the TEEC and ATEEC functions are pre-
sented using 158 pb−1 of pp collision data at 7 TeV recorded by 
the ATLAS experiment at the LHC. For this purpose, multi-jet final 
states are selected requiring jets, reconstructed with the anti-kt
algorithm and radius parameter R = 0.4, with pT > 50 GeV and 
|η| < 2.5 and such that the scalar sum of the transverse momenta 
of the two leading jets is above 500 GeV. The TEEC and ATEEC data 
are fairly well described by Pythia 6 and Alpgen, while the Her-
wig++ MC simulation shows some discrepancies which can be as 
large as 30%.

The TEEC and the ATEEC at the particle level are compared to 
perturbative QCD predictions at NLO accuracy. The renormalisation 
and factorisation scales are chosen to be (pT1 + pT2)/2, ranging 
from 250 to 1300 GeV and with an average value of 305 GeV. 
Through their construction, both the TEEC and ATEEC functions 
are less affected by experimental effects such as the jet energy 
scale and resolution or pileup than absolute cross-section measure-
ments. Similarly, the PDF uncertainties in their theoretical predic-
tions, as given by Eq. (4), cancel to a large extent. This renders 
these observables well suited to determine the strong coupling 
constant. The data for | cos φ| < 0.92 are fitted to the QCD predic-
tions obtained with NLOJet++ to determine the value of the strong 
coupling constant. For the TEEC, which provides the experimen-
tally more accurate determination, the result of the fit using the 
CT10 PDF yields

αs(mZ ) = 0.1173 ± 0.0010 (exp.) +0.0063
−0.0020 (scale) ± 0.0017 (PDF)

± 0.0002 (NPC). (10)

The present determination of αs(mZ ) is limited by the uncertain-
ties due to the choice of renormalisation and factorisation scales.

Acknowledgements

We thank CERN for the very successful operation of the LHC, 
as well as the support staff from our institutions without whom 
ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azerbai-
jan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, 

ATLAS Collaboration / Physics Letters B 750 (2015) 427–447 433

Table 3
Results for αs from fits to the TEEC function using different PDF sets, namely MSTW 2008, CT10, NNPDF 2.3 and HERAPDF 1.5, together with 
experimental as well as theoretical uncertainties due to scale and PDF choices and non-perturbative corrections.

PDF αs(mZ ) value χ2/Ndof

MSTW 2008 0.1175 ± 0.0010 (exp.) +0.0059
−0.0019 (scale) ± 0.0006 (PDF) ± 0.0002 (NPC) 29.0/21

CT10 0.1173 ± 0.0010 (exp.) +0.0063
−0.0020 (scale) ± 0.0017 (PDF) ± 0.0002 (NPC) 28.4/21

NNPDF 2.3 0.1183 ± 0.0010 (exp.) +0.0059
−0.0013 (scale) ± 0.0009 (PDF) ± 0.0002 (NPC) 29.3/21

HERAPDF 1.5 0.1167 ± 0.0007 (exp.) +0.0040
−0.0008 (scale) +0.0007

−0.0024 (PDF) ± 0.0001 (NPC) 28.7/21

Table 4
Results for αs from fits to the ATEEC function using different PDF sets, namely MSTW 2008, CT10, NNPDF 2.3 and HERAPDF 
1.5, together with experimental as well as theoretical uncertainties due to scale and PDF choices. The uncertainty due to the 
non-perturbative corrections is negligible.

PDF αs(mZ ) value χ2/Ndof

MSTW 2008 0.1195 ± 0.0017 (exp.) +0.0055
−0.0015 (scale) ± 0.0006 (PDF) 12.7/10

CT10 0.1195 ± 0.0018 (exp.) +0.0060
−0.0015 (scale) ± 0.0016 (PDF) 12.6/10

NNPDF 2.3 0.1206 ± 0.0018 (exp.) +0.0057
−0.0013 (scale) ± 0.0009 (PDF) 12.2/10

HERAPDF 1.5 0.1182 ± 0.0013 (exp.) +0.0041
−0.0008 (scale) +0.0007

−0.0025 (PDF) 12.1/10

The theoretical uncertainties on the predictions are treated by 
varying the theoretical distributions by each independent source 
of uncertainty (scale, all independent PDF uncertainties and non-
perturbative corrections) and repeating the fit using the modified 
theoretical input.

The fit to the TEEC data exhibits shifts in a few nuisance pa-
rameters, which are always compatible with the ±1σ band. The 
results for the strong coupling constant obtained using different 
parameterisations of the PDF are summarised in Table 3, together 
with the experimental uncertainties and the values of χ2/Ndof.

The final value for the TEEC fits is chosen to be the one ob-
tained using CT10, since its PDF uncertainty is largest and serves 
as an envelope covering the variations with different PDF sets as 
shown in Table 3:

αs(mZ ) = 0.1173 ± 0.0010 (exp.) +0.0063
−0.0020 (scale)

± 0.0017 (PDF) ± 0.0002 (NPC) . (8)

The fit to the ATEEC data does not show any significant shift in 
the values of the nuisance parameters. In this case, the fit results in 
the values for the strong coupling constant which are summarised 
in Table 4.

The final value for the ATEEC fit is also chosen to be the one 
obtained using the CT10 parton distribution functions:

αs(mZ ) = 0.1195 ± 0.0018 (exp.) +0.0060
−0.0015 (scale) ± 0.0016 (PDF).

(9)

The agreement between the fitted theoretical NLO predictions, 
including non-perturbative corrections, and the data is good as 
shown in Fig. 4 and indicated by the χ2 values given in Tables 3
and 4. Restricting the angular region in the fits to (−0.72, 0.72), 
yield values of the strong coupling constant which vary within ex-
perimental uncertainties. The values of αs(mZ ) found in this analy-
sis are in agreement with the world average αs(mZ ) = 0.1185 ±
0.0006 [73], as well as with other determinations of the strong 
coupling constant from the data collected at the LHC [71,10,74].

Calculations beyond NLO accuracy, which are already available 
for processes such as top-quark pair [75] or Higgs boson produc-
tion [76], are needed for multi-jet production at LHC energies. 
They are expected to reduce the scale uncertainties, which are the 
limiting factor in this determination of the strong coupling con-
stant.

9. Summary

First measurements of the TEEC and ATEEC functions are pre-
sented using 158 pb−1 of pp collision data at 7 TeV recorded by 
the ATLAS experiment at the LHC. For this purpose, multi-jet final 
states are selected requiring jets, reconstructed with the anti-kt
algorithm and radius parameter R = 0.4, with pT > 50 GeV and 
|η| < 2.5 and such that the scalar sum of the transverse momenta 
of the two leading jets is above 500 GeV. The TEEC and ATEEC data 
are fairly well described by Pythia 6 and Alpgen, while the Her-
wig++ MC simulation shows some discrepancies which can be as 
large as 30%.

The TEEC and the ATEEC at the particle level are compared to 
perturbative QCD predictions at NLO accuracy. The renormalisation 
and factorisation scales are chosen to be (pT1 + pT2)/2, ranging 
from 250 to 1300 GeV and with an average value of 305 GeV. 
Through their construction, both the TEEC and ATEEC functions 
are less affected by experimental effects such as the jet energy 
scale and resolution or pileup than absolute cross-section measure-
ments. Similarly, the PDF uncertainties in their theoretical predic-
tions, as given by Eq. (4), cancel to a large extent. This renders 
these observables well suited to determine the strong coupling 
constant. The data for | cos φ| < 0.92 are fitted to the QCD predic-
tions obtained with NLOJet++ to determine the value of the strong 
coupling constant. For the TEEC, which provides the experimen-
tally more accurate determination, the result of the fit using the 
CT10 PDF yields

αs(mZ ) = 0.1173 ± 0.0010 (exp.) +0.0063
−0.0020 (scale) ± 0.0017 (PDF)

± 0.0002 (NPC). (10)

The present determination of αs(mZ ) is limited by the uncertain-
ties due to the choice of renormalisation and factorisation scales.
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Di-jet azimuthal decorrelations 

•  Measure di-jet differential cross section as function of Δϕ in pp collisions  
at 8 TeV with CMS  
 

•  With Δϕdijet=|ϕjet1- ϕjet2|, Njets ≥ 2, anti-kT R=0.7, jets pT > 100 GeV, |y| < 2.5 
 

•  Reduce the background from ttbar and heavy vector boson production: 
 
 

•  Normalise to total di-jet cross section: reduce exp. and theo. uncertainties 
 

•  Compare to - fixed-order NLO 3-jet predictions, and to NLO and LO di-jets 
                  - tree-level multi-jet production + PS + MPI + hadronisation 
 
 

•  Interesting tool to probe  
multi-jet production processes  
without the need to measure jets  
beyond the leading two:  

arXiv:1602.04384 

3

Z/W+jet(s) events with Z decays to neutrinos and W decays into charged leptons with neu-
trinos have high ET/ values. The distributions of the variable ET/ / Â ET are shown in Fig. 1 for
the two regions Dfdijet < p/2 (left) and p/2 < Dfdijet < p (right). The data (points) are com-
pared to simulated events (stacked), using MADGRAPH 5.1.3.30 [19] matched to PYTHIA6 [12]
for event generation. Although some deviations of the simulation with respect to the data are
visible in Fig. 1 (cf. Ref. [20]), the distributions allow a selection criterion to be optimized with
respect to the ratio of signal over background. Events with ET/ / Â ET > 0.1 are rejected in both
regions of Dfdijet considered in Fig. 1, which corresponds to about 0.7% of the data sample.
Negligible background fractions of ⇡1% and ⇡0.1% remain for the two regions Dfdijet < p/2
and p/2 < Dfdijet < p, respectively.
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Figure 1: Distribution of ET/ / Â ET for data (points) in comparison with simulated jet production
and other processes with large ET/ (stacked) separately for the two regions Dfdijet < p/2 (left)
and p/2 < Dfdijet < p (right). The main contribution of events with large ET/ in the final state
is caused by processes such as Z/W + jet(s) with Z ! nn and W ! `n.

4 Measurement of the dijet cross section differential in Df
dijet

The normalized dijet cross section differential in Dfdijet (Eq. 1) is corrected for detector smear-
ing effects and unfolded to the level of stable (decay length ct > 1 cm) final-state particles.
In this way, a direct comparison of the measurement with corresponding results from other
experiments and with QCD predictions can be made.

The unfolding method is based on the matrix inversion algorithm implemented in the software
package ROOUNFOLD [21]. Unfolding uses a response matrix that maps the distribution at
particle-level onto the measured one. The response matrix is derived from a simulation that
uses the true dijet cross section distribution from PYTHIA6 with tune Z2* [13] as input, and
introduces the smearing effects by taking into account the Dfdijet resolution. The unfolded
distributions differ from the raw distributions by 3 to 4% for Dfdijet < p/2 and by less than
3% for p/2 < Dfdijet < p. A two-dimensional unfolding based on the iterative D’Agostini
algorithm [22], which corrects for the smearing effects by taking into account both Dfdijet and
pT resolutions, gives almost identical results.

The main systematic uncertainties arise from the estimation of the jet energy scale (JES) cali-
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Di-jet azimuthal decorrelations 

•  Compare with fixed order LO and NLO calculations: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  3-jet NLO predictions describe data down to values of ∆ϕdijet ≈ 5π/6 
•  Deviate when approaching 4-jet region, ∆ϕdijet = 2π/3, esp. at low pT

max 

•  Similar behaviour/deviations at smaller Δϕ 

5.1 Predictions from fixed-order calculations in pQCD 5
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Figure 2: Normalized dijet cross section differential in Dfdijet for seven pmax
T regions, scaled

by multiplicative factors for presentation purposes. The error bars on the data points include
statistical and systematic uncertainties. Overlaid on the data (points) are predictions from LO
(dashed line; p/2  Dfdijet < 2p/3) and NLO (solid line; 2p/3  Dfdijet < p) calculations
using the CT10 NLO PDF set and excluding the bin at Dfdijet = p. The PDF, aS, and scale un-
certainties are added in quadrature to give the total theoretical uncertainty, which is indicated
by the downwards-diagonally (LO) and upwards-diagonally (NLO) hatched regions around
the theory lines.

5.2 Predictions from fixed-order calculations matched to parton shower simulations 7
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Di-jet azimuthal decorrelations 

•  Compare with 2 à 2 ME + PS generators and multi-leg predictions: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  PYTHIA8: best agreement. PYTHIA6 and HERWIG++ overshoot data 
•  Good description provided by tree-level multi-jet generator MADGRAPH 
•  POWHEG (di-jet NLO) deviates similar to LO dijet MCs 

9
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Figure 4: Normalized dijet cross section differential in Dfdijet for seven pmax
T regions, scaled

by multiplicative factors for presentation purposes. The error bars on the data points include
statistical and systematic uncertainties. Overlaid on the data are predictions from the PYTHIA6,
HERWIG++, PYTHIA8, MADGRAPH + PYTHIA6, and POWHEG + PYTHIA8 event generators.

10 6 Summary
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Low-pT jets widely separated in rapidity 

•  First measurement of azimuthal decorrelation of most-forward and backward 
jets (Mueller–Navelet di-jets) in pp collisions at 7 TeV with CMS 
 

•  Probe rapidity separations up to ∆y = 9.4 with low-pT jets: 
anti-kT R=0.5, pT > 35 GeV, |y| < 4.7 
 

•  Probe very forward low-pT phase space of QCD 
è measure (new?) low-x parton dynamics 
 

•  Observables include:  
- Δϕ distributions 
 
 
- moments of average cosines of Δϕ:                                    for n = 1, 2, 3 
 
- ratios of these average cosines, as a function of ∆y between MN jets. 

 è expects suppression of DGLAP contributions in ratios,  
     more sensitive to BFKL effects 
 è reduce uncertainties of factorisation and renormalisation scales 

arXiv:1601.06713 

2 2 Physics motivation and Monte Carlo event generators

of ⇡41 pb�1 collected during proton-proton running at
p

s = 7 TeV in the year 2010.

2 Physics motivation and Monte Carlo event generators

The normalised cross section as a function of the azimuthal-angle difference (Df) between MN
jets with pT > pTmin can be written as a Fourier series [10, 11]:

1
s

ds

d(Df)
(Dy, pTmin) =

1
2p


1 + 2

•

Â
n=1

Cn(Dy, pTmin) cos(n(p � Df))

�
. (1)

The Fourier coefficients Cn are equal to the average cosines of the decorrelation angle, (p �Df):
Cn(Dy, pTmin) = hcos(n(p�Df))i, where Df = f1 �f2 is the difference between the azimuthal
angles f1 and f2 of the MN jets.

If there are only two jets in the final state, they have to be approximately back-to-back in the
azimuthal plane (Df = p) and the average cosines equal unity: hcos(n(p � Df))i = 1. Due to
parton radiation, the (p � Df) distribution has a non-zero width that is determined by Fourier
harmonics involving hcos(n(p � Df))i. In the BFKL approach, an increasing rapidity interval
between the MN jets leads to an increased number of emitted partons and thus to an increased
azimuthal decorrelation: hcos(n(p � Df))i < 1. In the DGLAP picture within the LL approx-
imation, in contrast, the partons emitted between the MN jets have much lower pT than the
latter, and their emission does not depend on their rapidity separation. Hence, parton emis-
sions from the parton cascade can change the azimuth of the parent partons to a much lesser
extent than in the BFKL approach where the pT of mother and daughter partons can be very
similar. However, when the MN jets are not the jets with the highest pT, then even in the
DGLAP picture a significant decorrelation might be observed.

In this paper the average cosines of the azimuthal angle between MN jets, (p �Df), 2(p �Df),
and 3(p � Df) (i.e. C1, C2, and C3) are measured as functions of the rapidity separation, Dy, as
suggested in Refs. [10, 11, 20–24]. In addition, the ratios of the average cosines C2/C1 and C3/C2
are measured, as proposed in Refs. [20, 22–24]. To cover all available Dy space, Df distributions
are measured in three bins of rapidity separation: Dy < 3.0, 3.0 < Dy < 6.0, and 6.0 < Dy <
9.4. The average cosines may be expressed explicitly using conformal symmetries of the BFKL
evolution equation [14], which are absent in the DGLAP evolution equation. Moreover, since
one expects a suppression of DGLAP contributions in the two ratios [22], they are particularly
sensitive to manifestations of BFKL effects. In addition, uncertainties related to the factorisation
and renormalisation scales are reduced in the ratios [25].

The measurements are performed with the CMS detector, using proton-proton collision data
recorded at

p
s = 7 TeV for jets with pT > 35 GeV and |y| < 4.7, allowing a rapidity separation

between the MN jets of up to Dy = 9.4. The jets are reconstructed with the anti-kT algorithm [26,
27] with a distance parameter R = 0.5.

The measured jet observables, corrected to the stable-particle level (lifetime ct > 1 cm), are
compared to predictions from various Monte Carlo (MC) event generators which extend the
DGLAP approach by including LL soft and collinear radiation in their parton-shower mod-
elling: PYTHIA 6 (version 6.422) [28] tune Z2 [29], HERWIG++ (version 2.5.1) tune UE-7000-EE-
3 [30], and PYTHIA 8 (version 8.145) [31] tune 4C [32]. In the mentioned generators, different
models are used for the simulation of multiparton interactions and hadronisation. The pa-
rameters of multiparton interactions in these tunes are adjusted to best describe LHC data.
The MC generator POWHEG [33–35]—using the CTEQ6M parton distribution function [36], and
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models are used for the simulation of multiparton interactions and hadronisation. The pa-
rameters of multiparton interactions in these tunes are adjusted to best describe LHC data.
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Low-pT jets widely separated in rapidity 

•  Azimuthal decorrelation angle in different bins of rapidity separation: 
 
 
 
 
 
 
 
 
 
 
 

•  DGLAP-based HERWIG++ 2.5, with leading-log (LL) parton showers and 
colour-coherence effects shows best performance 

•  PYTHIA 6 Z2, PYTHIA8 4C, and SHERPA 1.4 are less accurate 
 

•  HEJ: LL BFKL matrix elements combined with ARIADNE (PS + hadr.),  
predicts stronger decorrelation than in data. 

•  BFKL calculation at NLL accuracy: satisfactory description of data for large ∆y 

arXiv:1601.06713 
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Figure 1: Left: Distributions of the azimuthal-angle difference, Df, between MN jets in the
rapidity intervals Dy < 3.0 (top row), 3.0 < Dy < 6.0 (centre row), and 6.0 < Dy < 9.4 (bottom
row). Right: Ratios of predictions to the data in the corresponding rapidity intervals. The
data (points) are plotted with experimental statistical (systematic) uncertainties indicated by
the error bars (the shaded band), and compared to predictions from the LL DGLAP-based MC
generators PYTHIA 6, PYTHIA 8, HERWIG++, and SHERPA, and to the LL BFKL-motivated MC
generator HEJ with hadronisation performed with ARIADNE (solid line).
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Figure 1: Left: Distributions of the azimuthal-angle difference, Df, between MN jets in the
rapidity intervals Dy < 3.0 (top row), 3.0 < Dy < 6.0 (centre row), and 6.0 < Dy < 9.4 (bottom
row). Right: Ratios of predictions to the data in the corresponding rapidity intervals. The
data (points) are plotted with experimental statistical (systematic) uncertainties indicated by
the error bars (the shaded band), and compared to predictions from the LL DGLAP-based MC
generators PYTHIA 6, PYTHIA 8, HERWIG++, and SHERPA, and to the LL BFKL-motivated MC
generator HEJ with hadronisation performed with ARIADNE (solid line).
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Figure 1: Left: Distributions of the azimuthal-angle difference, Df, between MN jets in the
rapidity intervals Dy < 3.0 (top row), 3.0 < Dy < 6.0 (centre row), and 6.0 < Dy < 9.4 (bottom
row). Right: Ratios of predictions to the data in the corresponding rapidity intervals. The
data (points) are plotted with experimental statistical (systematic) uncertainties indicated by
the error bars (the shaded band), and compared to predictions from the LL DGLAP-based MC
generators PYTHIA 6, PYTHIA 8, HERWIG++, and SHERPA, and to the LL BFKL-motivated MC
generator HEJ with hadronisation performed with ARIADNE (solid line).



15 

Low-pT jets widely separated in rapidity 

•  Ratios of average cosines, as a function of ∆y between MN jets: 
 
 
 
 
 
 
 
 
 
 
 
 
•  DGLAP-based MC generators become less accurate at large Δy 
•  POWHEG (NLO ME interfaced with LL parton shower of PYTHIA)  

does not improve overall agreement with data 
 

•  BFKL calculation at NLL accuracy: good agreement for ∆y > 4 
è current kinematical domain lies in transition between regions described by   
    DGLAP and BFKL approaches 

arXiv:1601.06713 
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Figure 3: Left: The measured ratios C2/C1 (top row) and C3/C2 (bottom row) as a function of
rapidity difference Dy are compared to LL DGLAP parton shower generators and to the NLO
generator POWHEG interfaced with PYTHIA 6 and PYTHIA 8. Right: Comparison of the ratios to
the MC generator SHERPA with parton matrix element matched to a LL DGLAP parton shower,
to the LL BFKL-inspired generator HEJ with hadronisation by ARIADNE, and to analytical NLL
BFKL calculations at the parton level.
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Summary 

•  ATLAS and CMS perform extensive studies in new kinematic regions of QCD 
available at the LHC , at several centre-of-mass energies 
 

•  Multi-jet topologies in pp collisions: 
 è ideal tool to probe QCD dynamics and extract αS 
 è measure momentum, mass and angle observables 

 
•  Precision studies with central high pT jets: 

 è testing ground for LO, NLO pQCD calculations: perform quite well 
 è 2 à 2 matrix element MC generators with phenomenological  

             parton showers and hadronisation deviate from data 
 

•  Measurement of forward low-pT jets: 
 è probe extreme parton dynamics: kinematical domain in transition   

             between regions described by DGLAP and BFKL approaches 
 

•  Latest results from ATLAS and CMS: 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults  
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/JETS.html 
http://cms-results.web.cern.ch/cms-results/public-results/publications/FSQ/index.html 
 

•  More results on inclusive and di-jet measurements in Claire Gwenlan’s talk 
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