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Azimuthal decorrelations between the two central jets with the largest transverse momenta are sensitive

to the dynamics of events with multiple jets. We present a measurement of the normalized differential

cross section based on the full data set (
R

Ldt ¼ 36 pb�1) acquired by the ATLAS detector during the

2010
ffiffiffi

s
p ¼ 7 TeV proton-proton run of the LHC. The measured distributions include jets with transverse

momenta up to 1.3 TeV, probing perturbative QCD in a high-energy regime.
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The production of events containing high transverse-
momentum (pT) jets is a key signature of quantum chro-
modynamic (QCD) interactions between partons in pp
collisions at large center-of-mass energies (

ffiffiffi

s
p

). The Large
Hadron Collider (LHC) opens a window into the dynamics
of interactions with high-pT jets in a new energy regime of
ffiffiffi

s
p ¼ 7 TeV. QCD predicts the decorrelation in the azimu-
thal angle between the two most energetic jets, ��, as a
function of the number of partons produced. Events with
only two high-pT jets have small azimuthal decorrelations,
��� �, while�� � � is evidence of events with several
high-pT jets. QCD also describes the evolution of the shape
of the �� distribution, which narrows with increasing
leading jet pT . Distributions in �� therefore test perturba-
tive QCD (pQCD) calculations for multiple jet production
without requiring the measurement of additional jets.
Furthermore, a detailed understanding of events with large
azimuthal decorrelations is important to searches for new
physical phenomena with dijet signatures, such as super-
symmetric extensions to the standard model [1].

In this Letter, we present a measurement of dijet azimu-
thal decorrelations with jet pT up to 1.3 TeV as measured
by the ATLAS detector, beyond the reach of previous
colliders. The differential cross section ð1=�Þðd�=d��Þ
is based upon an integrated luminosity

R

Ldt ¼
ð36� 4Þ pb�1 [2]. The �� distribution is normalized by
the inclusive dijet cross section �, integrated over the same
phase space. This construction minimizes experimental
and theoretical uncertainties. Previous measurements of
�� from the D0 [3] and CMS [4] Collaborations are
extended here to higher jet pT values.

Jets are reconstructed using the anti-kt algorithm [5]
(implemented with FASTJET [6]) with radius R ¼ 0:6, and
the jet four-momenta are constructed from a sum over its
constituents, treating each as an ðE; ~pÞ four-vector with

zero mass. The anti-kt algorithm is well motivated since it
is infrared safe to all orders, produces geometrically well-
defined conelike jets, and is used for pQCD calculations
(from partons), event generators (from stable particles),
and the detector (from energy clusters [7]). The azimuthal
decorrelation �� is defined as the absolute value of the
difference in azimuthal angle between the jet with
the highest pT in each event, pmax

T , and the jet with the
second-highest pT in the event. There are nine analysis
regions in pmax

T , where the lowest region is bounded by
pmax
T > 110 GeV and the highest region requires pmax

T >
800 GeV [7]. Only jets with pT > 100 GeV and jyj< 2:8,
where y is the jet rapidity [8], are considered. The two
leading jets that define�� are required to satisfy jyj< 0:8,
restricting the measurement to a central y region where the
momentum fractions (x) of the interacting partons are
roughly equal and the experimental acceptance for multijet
production is increased. In this region where 0:02 & x &
0:14, the parton distribution function (PDF) uncertainties
are typically �3% (at fixed factorization scale) [9]. The
cross sections, measured over the range �=2 � �� � �
and normalized independently for each analysis region, are
compared with expectations from a pQCD calculation [10]
that is next-to-leading order (NLO) in three-parton produc-
tion. The perturbative prediction for the cross section is
Oð�4

sÞ, where �s is the strong coupling constant.
The angular decorrelation is sensitive to multijet con-

figurations such as those produced by event generators like
SHERPA [11], which matches higher-order tree-level pQCD

diagrams with a dipole parton-shower model [12]. Samples
for 2 ! 2� 6 jet production are combined using an im-
proved parton matching scheme [13]. Event generators
such as PYTHIA [14] and HERWIG [15] use 2 ! 2 leading
order pQCD matrix elements matched with phenomeno-
logical parton-cascade models to simulate higher-order
QCD effects. Such models have been successful at repro-
ducing other QCD processes measured by the ATLAS
Collaboration [7,16].
The ATLAS detector [17,18] consists of an inner track-

ing system surrounded by a thin superconducting solenoid
providing a 2 T magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer based on
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large superconducting toroids. Jet measurements depend
most heavily on the calorimeters. The electromagnetic
calorimeter is a lead liquid-argon (LAr) detector with an
accordion geometry. Hadron calorimetry is based on two
different detector technologies, with scintillator tiles or
LAr as the active medium, and with either steel, copper,
or tungsten as the absorber material. The pseudorapidity
(�) [8] and � segmentations of the calorimeters are suffi-
ciently fine to ensure that angular resolution uncertainties
are negligible compared to other sources of systematic
uncertainty.

A hardware-based calorimeter jet trigger identified
events of interest; the decision was further refined in soft-
ware [17,18]. Events with at least one jet that satisfied a
minimum transverse energy (ET) requirement were re-
corded for further analysis. The events in each pmax

T range

are selected by a single trigger with a given ET threshold,
and the lower end of the range is chosen above the jet pT at
which that trigger is � 100% efficient. Three sets of trig-
gered events with different integrated luminosity are con-
sidered: 2:3 pb�1 for 110<pmax

T � 160 GeV, 9:6 pb�1

for 160< pmax
T � 260 GeV, and 36 pb�1 for pmax

T >
260 GeV [2]. Events are also required to have a recon-
structed primary vertex within 15 cm in z of the center of
the detector; each vertex had � 5 associated tracks. The
inputs to the anti-kt jet algorithm are clusters of calorimeter
cells seeded by cells with energy that is significantly above
the measured noise [7]. Jets reconstructed in the detector,
whether in data or the GEANT4-based simulation [19,20],
are corrected for the effects of hadronic shower response
and detector-material distributions using a pT- and
�-dependent calibration [7] based on the detector simula-
tion and validated with extensive test beam [18] and col-
lision data [21] studies. Jets likely to have arisen from
detector noise or cosmic rays are rejected [22].

The resulting �� distribution is shown in Fig. 1 for jets
with pT > 100 GeV. There are 146 788 events in the data
sample, 85 of which have at least five jets with pT >
100 GeV. Also shown is the PYTHIA sample with MRST
2007 LO� PDF [23] and ATLAS MC09 underlying event
tune [24], processed through the full detector simulation
and normalized to the number of events in the data sample.
Two- and three-jet production primarily populates the
region 2�=3< ��<� while smaller values of �� re-
quire additional activity such as soft radiation or more jets
in an event. Figure 1 illustrates that the decorrelation
increases when a third high-pT jet is also required.
Events with additional high-pT jets widen the overall
distribution.

The measured differential �� distributions in data are
corrected in a single step with a bin-by-bin unfolding
method [7] to compensate for trigger and detector ineffi-
ciencies and the effects of finite experimental resolutions.
These correction factors, evaluated using the PYTHIA

sample, lie within �9% of unity. The leading sources of

systematic uncertainty on the normalized cross section are
the jet energy scale calibration (2%–17%) [7], the bin-by-
bin unfolding method (1%–19%), and the jet energy and
position resolutions (0:5%–5%). The ranges in parentheses
represent the magnitude of the uncertainties near � and
�=2, respectively, and correspond to the analysis region
with the smallest statistical uncertainty (160<pmax

T �
210 GeV). Multiple pp interactions in the same beam
crossing that can increase the measured jet energy are
included in the evaluation of the jet energy scale uncer-
tainties (< 0:8% on the cross section for all analysis
regions).
The normalized differential cross section is shown for

each of the nine pmax
T analysis regions as a function of ��

in Fig. 2. As pmax
T increases, and the probability for the

emission of a hard third jet is reduced, the fraction of
events near � becomes larger. Overlaid on the data are
the results from a NLO pQCD ½Oð�4

sÞ	 calculation,
NLOJETþþ [10] with FASTNLO [25] and using the MSTW
2008 PDF [9]. The factorization and renormalization
scales are set to pmax

T and are varied independently up
and down by a factor of 2 to determine the scale uncer-
tainties. The scale uncertainties are larger between �=2<
��< 2�=3 where the pQCD calculation is effectively
leading order in four-parton production. The PDF uncer-
tainties are treated as the envelope of the 68% C.L. un-
certainties from MSTW 2008 [9], NNPDF 2.0 [26], and
CTEQ 10 [27], and are combined with the uncertainties
resulting from an �s variation of �0:004; the �s contribu-
tions dominate. The calculation is corrected for nonpertur-
bative effects due to hadronization and the underlying
event [28]; the correction is smaller than 3%. The fixed-
order calculation fails near �� ! � where soft processes
dominate and contributions from logarithmic terms are
enhanced. Figure 3 displays the ratio of the cross section
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FIG. 1 (color online). The �� distribution for � 2, � 3, � 4,
and � 5 jets with pT > 100 GeV. Overlaid on the calibrated but
otherwise uncorrected data (points) are results from PYTHIA

processed through the detector simulation (lines). All uncertain-
ties are statistical only.
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with respect to the NLO calculation. In most regions, the
theory is consistent with the data. However, the prediction
in the range 110<pmax

T < 160 GeV is relatively low in the
central region of �� where the scale uncertainties are
small.

The data are also compared with predictions [29] from
SHERPA, PYTHIA, and HERWIG in Fig. 4. The leading-

logarithmic approximations used in these event generators’
parton-shower models effectively regularize the diver-
gence at �� ! �; all three provide a good description
of the data in this region. In the region�=2<��< 5�=6,
where multijet contributions are significant, this observ-
able distinguishes between the three generators. SHERPA,
which explicitly includes higher-order tree-level diagrams,
performs well in most �� and pmax

T regions. Having
phenomenological parameters that have been adjusted to
previous ATLAS measurements, PYTHIA [28] and HERWIG

[24] also describe the data.
In summary, we present a measurement of dijet azimu-

thal decorrelations in events produced in pp collisions at
ffiffiffi

s
p ¼ 7 TeV. The normalized differential cross sections

are based on the full data set (
R

Ldt ¼ 36 pb�1) collected

by the ATLAS Collaboration during the 2010 run of the
LHC. Expectations from NLO pQCD [Oð�4

sÞ] and those of
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FIG. 3 (color online). Ratio of the differential cross section
ð1=�Þðd�=d��Þ measured in data with respect to expectations
from NLO pQCD (points). The theory uncertainties are indicated
by the hatched regions. The region near the divergence at
�� ! � is excluded from the comparison.
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several event generators successfully describe the general
characteristics of our measurements, including the increas-
ing slope of the �� distribution with pmax

T and the shape
near ��� �=2 where events with multiple jets make a
considerable contribution. Our data, which include jets
with pT values that significantly exceed earlier measure-
ments, explore QCD in a new kinematic region.
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T. P. A. Åkesson,79 G. Akimoto,155 A. V. Akimov,94 M. S. Alam,1 M.A. Alam,76 S. Albrand,55 M. Aleksa,29

I. N. Aleksandrov,65 M. Aleppo,89a,89b F. Alessandria,89a C. Alexa,25a G. Alexander,153 G. Alexandre,49

T. Alexopoulos,9 M. Alhroob,20 M. Aliev,15 G. Alimonti,89a J. Alison,120 M. Aliyev,10 P. P. Allport,73

PRL 106, 172002 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

29 APRIL 2011

172002-4

http://dx.doi.org/10.1103/PhysRevLett.101.221803
http://dx.doi.org/10.1103/PhysRevLett.101.221803
http://arXiv.org/abs/1101.2185
http://dx.doi.org/10.1103/PhysRevLett.94.221801
http://dx.doi.org/10.1103/PhysRevLett.106.122003
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://dx.doi.org/10.1140/epjc/s10052-010-1512-2
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1103/PhysRevD.68.094002
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://dx.doi.org/10.1088/1126-6708/2009/05/053
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arXiv.org/abs/hep-ph/0210213
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://dx.doi.org/10.1016/j.physletb.2011.03.012
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://arXiv.org/abs/0901.0512
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://arXiv.org/abs/hep-ph/0609285
http://arXiv.org/abs/hep-ph/0609285
http://dx.doi.org/10.1016/j.nuclphysb.2010.05.008
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arXiv.org/abs/1012.5104
http://arXiv.org/abs/1003.0694


S. E. Allwood-Spiers,53 J. Almond,82 A. Aloisio,102a,102b R. Alon,171 A. Alonso,79 M.G. Alviggi,102a,102b

K. Amako,66 P. Amaral,29 C. Amelung,22 V.V. Ammosov,128 A. Amorim,124a,c G. Amorós,167 N. Amram,153

C. Anastopoulos,139 T. Andeen,34 C. F. Anders,20 K. J. Anderson,30 A. Andreazza,89a,89b V. Andrei,58a

M-L. Andrieux,55 X. S. Anduaga,70 A. Angerami,34 F. Anghinolfi,29 N. Anjos,124a A. Annovi,47 A. Antonaki,8

M. Antonelli,47 S. Antonelli,19a,19b A. Antonov,96 J. Antos,144b F. Anulli,132a S. Aoun,83 L. Aperio Bella,4

R. Apolle,118 G. Arabidze,88 I. Aracena,143 Y. Arai,66 A. T. H. Arce,44 J. P. Archambault,28 S. Arfaoui,29,d

J-F. Arguin,14 E. Arik,18a,a M. Arik,18a A. J. Armbruster,87 O. Arnaez,81 C. Arnault,115 A. Artamonov,95

G. Artoni,132a,132b D. Arutinov,20 S. Asai,155 R. Asfandiyarov,172 S. Ask,27 B. Åsman,146a,146b L. Asquith,5
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D. Dzahini,55 M. Düren,52 W. L. Ebenstein,44 J. Ebke,98 S. Eckert,48 S. Eckweiler,81 K. Edmonds,81 C. A. Edwards,76

I. Efthymiopoulos,49 W. Ehrenfeld,41 T. Ehrich,99 T. Eifert,29 G. Eigen,13 K. Einsweiler,14 E. Eisenhandler,75

T. Ekelof,166 M. El Kacimi,4 M. Ellert,166 S. Elles,4 F. Ellinghaus,81 K. Ellis,75 N. Ellis,29 J. Elmsheuser,98

PRL 106, 172002 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

29 APRIL 2011

172002-6



M. Elsing,29 R. Ely,14 D. Emeliyanov,129 R. Engelmann,148 A. Engl,98 B. Epp,62 A. Eppig,87 J. Erdmann,54

A. Ereditato,16 D. Eriksson,146a J. Ernst,1 M. Ernst,24 J. Ernwein,136 D. Errede,165 S. Errede,165 E. Ertel,81

M. Escalier,115 C. Escobar,167 X. Espinal Curull,11 B. Esposito,47 F. Etienne,83 A. I. Etienvre,136 E. Etzion,153

D. Evangelakou,54 H. Evans,61 L. Fabbri,19a,19b C. Fabre,29 K. Facius,35 R.M. Fakhrutdinov,128 S. Falciano,132a

A. C. Falou,115 Y. Fang,172 M. Fanti,89a,89b A. Farbin,7 A. Farilla,134a J. Farley,148 T. Farooque,158 S.M. Farrington,118

P. Farthouat,29 D. Fasching,172 P. Fassnacht,29 D. Fassouliotis,8 B. Fatholahzadeh,158 A. Favareto,89a,89b L. Fayard,115

S. Fazio,36a,36b R. Febbraro,33 P. Federic,144a O. L. Fedin,121 I. Fedorko,29 W. Fedorko,88 M. Fehling-Kaschek,48

L. Feligioni,83 D. Fellmann,5 C. U. Felzmann,86 C. Feng,32d E. J. Feng,30 A. B. Fenyuk,128 J. Ferencei,144b

J. Ferland,93 B. Fernandes,124a,c W. Fernando,109 S. Ferrag,53 J. Ferrando,118 V. Ferrara,41 A. Ferrari,166 P. Ferrari,105

R. Ferrari,119a A. Ferrer,167 M. L. Ferrer,47 D. Ferrere,49 C. Ferretti,87 A. Ferretto Parodi,50a,50b M. Fiascaris,30
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E. Gorini,72a,72b A. Gorišek,74 E. Gornicki,38 S. A. Gorokhov,128 V.N. Goryachev,128 B. Gosdzik,41 M. Gosselink,105

M. I. Gostkin,65 M. Gouanère,4 I. Gough Eschrich,163 M. Gouighri,135a D. Goujdami,135a M. P. Goulette,49

A.G. Goussiou,138 C. Goy,4 I. Grabowska-Bold,163,g V. Grabski,176 P. Grafström,29 C. Grah,174 K-J. Grahn,147

F. Grancagnolo,72a S. Grancagnolo,15 V. Grassi,148 V. Gratchev,121 N. Grau,34 H.M. Gray,29 J. A. Gray,148

E. Graziani,134a O.G. Grebenyuk,121 D. Greenfield,129 T. Greenshaw,73 Z. D. Greenwood,24,l I.M. Gregor,41

P. Grenier,143 E. Griesmayer,46 J. Griffiths,138 N. Grigalashvili,65 A.A. Grillo,137 S. Grinstein,11 P. L. Y. Gris,33

Y. V. Grishkevich,97 J.-F. Grivaz,115 J. Grognuz,29 M. Groh,99 E. Gross,171 J. Grosse-Knetter,54 J. Groth-Jensen,79

M. Gruwe,29 K. Grybel,141 V. J. Guarino,5 D. Guest,175 C. Guicheney,33 A. Guida,72a,72b T. Guillemin,4 S. Guindon,54

H. Guler,85,m J. Gunther,125 B. Guo,158 J. Guo,34 A. Gupta,30 Y. Gusakov,65 V.N. Gushchin,128 A. Gutierrez,93

P. Gutierrez,111 N. Guttman,153 O. Gutzwiller,172 C. Guyot,136 C. Gwenlan,118 C. B. Gwilliam,73 A. Haas,143

S. Haas,29 C. Haber,14 R. Hackenburg,24 H.K. Hadavand,39 D. R. Hadley,17 P. Haefner,99 F. Hahn,29 S. Haider,29

Z. Hajduk,38 H. Hakobyan,176 J. Haller,54 K. Hamacher,174 P. Hamal,113 A. Hamilton,49 S. Hamilton,161 H. Han,32a

L. Han,32b K. Hanagaki,116 M. Hance,120 C. Handel,81 P. Hanke,58a C. J. Hansen,166 J. R. Hansen,35 J. B. Hansen,35

J. D. Hansen,35 P. H. Hansen,35 P. Hansson,143 K. Hara,160 G.A. Hare,137 T. Harenberg,174 D. Harper,87

R. D. Harrington,21 O.M. Harris,138 K. Harrison,17 J. Hartert,48 F. Hartjes,105 T. Haruyama,66 A. Harvey,56

S. Hasegawa,101 Y. Hasegawa,140 S. Hassani,136 M. Hatch,29 D. Hauff,99 S. Haug,16 M. Hauschild,29 R. Hauser,88

M. Havranek,20 B.M. Hawes,118 C.M. Hawkes,17 R. J. Hawkings,29 D. Hawkins,163 T. Hayakawa,67 D Hayden,76

H. S. Hayward,73 S. J. Haywood,129 E. Hazen,21 M. He,32d S. J. Head,17 V. Hedberg,79 L. Heelan,7 S. Heim,88

PRL 106, 172002 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

29 APRIL 2011

172002-7



B. Heinemann,14 S. Heisterkamp,35 L. Helary,4 M. Heldmann,48 M. Heller,115 S. Hellman,146a,146b C. Helsens,11

R. C.W. Henderson,71 M. Henke,58a A. Henrichs,54 A.M. Henriques Correia,29 S. Henrot-Versille,115

F. Henry-Couannier,83 C. Hensel,54 T. Henß,174 Y. Hernández Jiménez,167 R. Herrberg,15 A. D. Hershenhorn,152
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J. Machado Miguens,124a D. Macina,49 R. Mackeprang,35 R. J. Madaras,14 W. F. Mader,43 R. Maenner,58c

T. Maeno,24 P. Mättig,174 S. Mättig,41 P. J. Magalhaes Martins,124a,h L. Magnoni,29 E. Magradze,51 C. A. Magrath,104

Y. Mahalalel,153 K. Mahboubi,48 G. Mahout,17 C. Maiani,132a,132b C. Maidantchik,23a A. Maio,124a,c S. Majewski,24

Y. Makida,66 N. Makovec,115 P. Mal,6 Pa. Malecki,38 P. Malecki,38 V. P. Maleev,121 F. Malek,55 U. Mallik,63

D. Malon,5 S. Maltezos,9 V. Malyshev,107 S. Malyukov,65 R. Mameghani,98 J. Mamuzic,12b A. Manabe,66
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M. Mikestikova,125 B. Mikulec,49 M. Mikuž,74 D.W. Miller,143 R. J. Miller,88 W. J. Mills,168 C. Mills,57 A. Milov,171

D. A. Milstead,146a,146b D. Milstein,171 A. A. Minaenko,128 M. Miñano,167 I. A. Minashvili,65 A. I. Mincer,108
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79Fysiska institutionen, Lunds universitet, Lund, Sweden
80Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain

81Institut für Physik, Universität Mainz, Mainz, Germany
82School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
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Electrónica and Instituto de Microelectrónica de Barcelona (IMB-CNM), University of Valencia and CSIC, Valencia, Spain
168Department of Physics, University of British Columbia, Vancouver BC, Canada

169Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
170Waseda University, Tokyo, Japan

171Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
172Department of Physics, University of Wisconsin, Madison Wisconsin, USA

173Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany
174Fachbereich C Physik, Bergische Universität Wuppertal, Wuppertal, Germany

175Department of Physics, Yale University, New Haven Connecticut, USA

PRL 106, 172002 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

29 APRIL 2011

172002-16



176Yerevan Physics Institute, Yerevan, Armenia
177Domaine scientifique de la Doua, Centre de Calcul CNRS/IN2P3, Villeurbanne Cedex, France

aDeceased.
bAlso at Laboratorio de Instrumentacao e Fisica Experimental de Particulas - LIP, Lisboa, Portugal.
cAlso at Faculdade de Ciencias and CFNUL, Universidade de Lisboa, Lisboa, Portugal.
dAlso at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France.
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