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Measurements of dijet azimuthal decorrelations in pp collisions at
ffiffiffi

s
p ¼ 7 TeV using the CMS

detector at the CERN LHC are presented. The analysis is based on an inclusive dijet event sample

corresponding to an integrated luminosity of 2:9 pb�1. The results are compared to predictions from

perturbative QCD calculations and various Monte Carlo event generators. The dijet azimuthal distribu-

tions are found to be sensitive to initial-state gluon radiation.
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High-energy proton-proton collisions with high momen-
tum transfer are describedwithin the framework of quantum
chromodynamics (QCD) as pointlike scatterings between
the proton constituents, collectively referred to as partons.
The outgoing partons manifest themselves, through quark
and gluon soft radiation and hadronization processes, as
localized streams of particles, identified as jets. At Born
level, dijets are producedwith equal transversemomentapT

with respect to the beam axis and back to back in the
azimuthal angle (�’dijet¼j’jet1�’jet2j¼�). Soft-gluon

emission will decorrelate the two highest pT (leading) jets
and cause small deviations from �. Larger decorrelations
from� occur in the case of hardmultijet production. Three-
jet topologies dominate the region of 2�=3<�’dijet <�,

whereas angles smaller than 2�=3 are populated by four-jet
events.

Dijet azimuthal decorrelations, i.e., the deviation of
�’dijet from � for the two leading jets in hard-scattering

events, can be used to study QCD radiation effects over a
wide range of jet multiplicities without the need to measure
all the additional jets. Such studies are important because
an accurate description of multiple-parton radiation is still
lacking in perturbative QCD (pQCD). Experiments there-
fore rely on Monte Carlo (MC) event generators to take
these higher-order processes into account in searches for
new physics and for a wide variety of precision measure-
ments. The observable chosen to study the radiation effects
is the differential dijet cross section in �’dijet, normalized

by the dijet cross section integrated over the entire �’dijet

phase space: ð1=�dijetÞðd�dijet=d�’dijetÞ. By normalizing

the �’dijet distributions in this manner, many experimental

and theoretical uncertainties are significantly reduced.
Measurements of dijet azimuthal decorrelations at the
Tevatron have previously been reported by the D0

Collaboration [1]. In this Letter, we present the first
measurements of dijet azimuthal decorrelations in pp
collisions at

ffiffiffi

s
p ¼ 7 TeV at the CERN Large Hadron

Collider (LHC).
The central feature of the Compact Muon Solenoid

(CMS) apparatus is a superconducting solenoid, of 6 m
internal diameter, providing an axial field of 3.8 T.
Charged particle trajectories are measured by the silicon
pixel and strip tracker, covering 0<’< 2� in azimuth and
j�j< 2:5, where pseudorapidity� ¼ � ln½tanð�=2Þ� and �
is the polar angle relative to the counterclockwise proton
beam direction with respect to the center of the detector. A
lead-tungstate crystal electromagnetic calorimeter and a
brass-scintillator hadronic calorimeter surround the track-
ing volume. The calorimeter cells are grouped in projective
towers of granularity��� �’ ¼ 0:087� 0:087 at central
pseudorapidities. The granularity becomes coarser at for-
ward pseudorapidities. A preshower detector made of
silicon sensor planes and lead absorbers is installed in front
of the electromagnetic calorimeter at 1:653< j�j< 2:6.
Muons are measured in gas-ionization detectors embedded
in the steel magnetic field return yoke. A detailed descrip-
tion of the CMS detector can be found elsewhere [2].
CMS uses a two-tiered trigger system to select events

on-line: level 1 and the high level trigger. In this analysis,
events were selected by using two inclusive single-jet
triggers that required a level-1 jet with pT > 20
(30) GeV and a high level trigger jet with pT > 30
(50) GeV. The jets at level 1 and the high level trigger
are reconstructed by using energies measured by the elec-
tromagnetic and hadronic calorimeters and are not cor-
rected for the jet energy response of the calorimeters.
The trigger efficiency for a given corrected pT threshold
of the leading jet (pT

max) was measured by using events
selected by a lower-threshold trigger. For the event selec-
tion, pT

max thresholds were chosen so that this efficiency
exceeded 99%. The corresponding off-line corrected pT

max

values are 80 (110) GeV for the low (high) threshold jet
trigger.
Jets were reconstructed off-line by using the anti-kT

clustering algorithm with a distance parameter R ¼ 0:5 [3].
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The four-vectors of particles reconstructed by the CMS
particle-flow algorithm were used as input to the jet-
clustering algorithm. The particle-flow algorithm combines
information from all CMS subdetectors to provide a com-
plete list of long-lived particles in the event. Muons, elec-
trons, photons, and charged and neutral hadrons are
reconstructed individually. As a result, the residual correc-
tions to the jet four-vectors, arising from the detector
response, are relatively small (at the level of 5%–10% in
the central region) [4]. A detailed description of the particle-
flow algorithm can be found elsewhere [5,6].

Spurious jets from noise and noncollision backgrounds
were eliminated by applying loose quality cuts on the jet
properties [7]. Eventswere required to have a primary vertex
reconstructed along the beam axis and within 24 cm of the
detector center [8]. Further cuts were applied to reject inter-
actions from the beamhalo.Eventswere selected having two
leading jets each with pT > 30 GeV and rapidity jyj< 1:1,
where y¼ 1

2 ln½ðEþpzÞ=ðE�pzÞ�, withE being the total jet

energy and pz the projection of the jet momentum along the
beam axis. Each event is put into one of five mutually
exclusive regions, which are based on the pT

max in the
event. The five regions are 80<pT

max < 110 GeV, 110<
pT

max < 140 GeV, 140<pT
max < 200 GeV, 200<

pT
max < 300 GeV, and 300 GeV<pT

max. The data corre-
spond to an integrated luminosity of 0:3 pb�1 for the lowest
pT

max region and 2:9 pb�1 for the other pT
max regions.

The uncertainty on the integrated luminosity is estimated
to be 11% [9]. After the application of all selection criteria,
the numbers of events remaining in each of the five pT

max

regions, starting from the lowest, are 60 837, 160 388,
69 009, 14 383, and 2284.

The �’dijet distributions are corrected for event migra-

tion effects due to the finite jet pT and position resolutions
of the detector. The distributions are sensitive to the jet pT

resolution because fluctuations in the jet response can
cause low-energy jets to be misidentified as leading jets,
and events can migrate between different pT

max regions.
The finite resolution in azimuthal angle causes event
migration between �’dijet bins, while the resolution in

rapidity can move jets in and out of the central rapidity
region (jyj< 1:1). The correction factors were determined
by using two independent MC samples: PYTHIA 6.422
(PYTHIA6) [10] tune D6T [11], and HERWIGþþ 2.4.2 [12].
The pT , rapidity, and azimuthal angle of each generated jet
were smeared according to the measured resolutions [13].
The ratio of the two dijet azimuthal distributions
(the generated distribution and the smeared one) deter-
mined the unfolding correction factors for each pT

max

region, for a given MC sample. The average of the correc-
tion factors for each pT

max region from the two MC
samples was used as the final unfolding correction applied
to the data. The unfolding correction factors modify the
measured �’dijet distributions by less than 2% for 5�=6<

�’dijet <�. For �’dijet � �=2, the changes range from

�11%, for the highest pT
max region, to �19%, for the

lowest.
The main sources of systematic uncertainty arise from

uncertainties in the jet energy calibration, the jet pT reso-
lution, and the unfolding correction. The jet energy cali-
bration uncertainties have been tabulated for the
considered phase space in the variables of jet pT and �
[4]. Typical values are between 2.5% and 3.5%. The result-
ing uncertainties on the normalized �’dijet distributions

range from 5% at �’dijet � �=2 to 1% at �’dijet � �. The

effect of the jet pT resolution uncertainty on the �’dijet

distributions was estimated by varying the jet pT resolu-
tions by �10% [13] and comparing the �’dijet unfolding

correction before and after the change. This yields a varia-
tion on the normalized �’dijet distributions ranging from

5% at �’dijet � �=2 to 1% at �’dijet � �. The uncertain-

ties on the unfolding correction factors were estimated by
comparing the corrections from different event generators
and PYTHIA6 tunes that vary significantly in their modeling
of the jet kinematic distributions and �’dijet distributions.

The resulting uncertainty varies from 8% at �’dijet � �=2

to 1.5% at �’dijet � �. The systematic uncertainty from

using a parametrized model to simulate the finite jet pT and
position resolutions of the detector to determine
the unfolding correction factors was estimated to be about
2.5% in all pT

max regions. The combined systematic un-
certainty, calculated as the quadratic sum of all systematic
uncertainties, varies from 11% at �’dijet � �=2 to 3% at

�’dijet � �.

The corrected differential �’dijet distributions, normal-

ized to the integrated dijet cross section, are shown in
Fig. 1 for the five pT

max regions. The distributions are
scaled by multiplicative factors for presentation purposes.
Each data point is plotted at the abscissa value for which
the predicted differential �’dijet distribution has the same

value as the bin average obtained by using PYTHIA6 tune
D6T, which provides a good description of the data [14].
The �’dijet distributions are strongly peaked at � and

become steeper with increasing pT
max. The simulated

�’dijet distributions from the PYTHIA6 (D6T and Z2 [15]

tunes), PYTHIA 8.135 (PYTHIA8) [16], HERWIGþþ, and
MADGRAPH 4.4.32 [17] event generators are presented for

comparison. The MADGRAPH generator is based on leading-
order matrix element multiparton final-state predictions,
using PYTHIA6 for parton showering and hadronization, and
the Mangano method [18] to map the parton-level event
into a parton shower history. The MADGRAPH predictions
included tree-level processes of up to four partons. For
PYTHIA6, PYTHIA8, and MADGRAPH event generators the

CTEQ6L [19] parton distribution functions (PDFs) were
used; for HERWIGþþ, the MRST2001 PDFs [20].
Figure 2 shows the ratios of the measured �’dijet

distributions to the predictions of PYTHIA6, PYTHIA8,
HERWIGþþ, and MADGRAPH in the five pT

max regions.
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The combined systematic uncertainty on the experimental
measurements is shown by the shaded band. The predic-
tions from PYTHIA6 and HERWIGþþ describe the shape of
the data distributions well, while MADGRAPH (PYTHIA8)
predicts less (more) azimuthal decorrelation than is
observed in the data.

Figure 3 displays the ratios of the measured �’dijet

distributions to the next-to-leading-order (NLO) predic-
tions of pQCD calculations from the parton-level generator
NLOJETþþ [21] within the FASTNLO framework [22]. The
predictions include 2 ! 3 processes at NLO, normalized
to �dijet at NLO:

1

�dijet

�
�
�
�
�
�
�
�NLO

� d�dijet

d�’dijet

�
�
�
�
�
�
�
�NLO

:

The predictions near �’dijet ¼ � have been excluded be-

cause of their sensitivity to higher-order corrections not
included in the present calculations.

Uncertainties due to the renormalization (�r) and
factorization (�f) scales are evaluated by varying the

default choice of �r ¼ �f ¼ pT
max between pT

max=2

and 2pT
max in the following six combinations: ð�r;�fÞ ¼

ðpT
max=2; pT

max=2Þ, ð2pT
max; 2pT

maxÞ, ðpT
max; pT

max=2Þ,
ðpT

max; 2pT
maxÞ, ðpT

max=2; pT
maxÞ, and ð2pT

max; pT
maxÞ.

These scale variations modify the predictions of the nor-
malized �’dijet distributions by less than 50%. The PDFs

and the associated uncertainties were obtained from
CTEQ6.6 [19]. The PDF uncertainties were derived by
using the 22 CTEQ6.6 uncertainty eigenvectors and found
to be 9% at �’dijet � �=2 and 2% at �’dijet <�.

Following the proposal of the PDF4LHC working group
[23], the impact of other global PDF fits [24–26] was
investigated and found to be negligible in the context of
this analysis.
Nonperturbative corrections due to hadronization and

multiple-parton interactions were applied to the pQCD pre-
dictions. The correction factors were determined from the
PYTHIA6 and HERWIGþþ simulations andmodify the predic-

tions from þ4% (�’dijet � �) to �13% (�’dijet � �=2).

The uncertainty due to the nonperturbative corrections
is estimated to be 6% at �’dijet � �=2 and 2% at

�’dijet � �. The effects due to the scale variations, as well

as the uncertainties due to PDFs and nonperturbative
corrections, are also shown in Fig. 3. The NLO predictions
provide a good description of the shape of the data
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predictions in several pT
max regions. The shaded bands indicate

the total systematic uncertainty.
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distributions over much of the �’dijet range. Compared to

the data, the reduced decorrelation in the theoretical predic-
tion and the increased sensitivity to the �r and �f scale

variations for�’dijet < 2�=3 shown in Fig. 3 are attributed

to the fact that the pQCD prediction in this region is effec-
tively available only at leading order, since the contribution
from tree-level four-parton final states dominates.

The sensitivity of the �’dijet distributions to initial-state

parton shower radiation (ISR) is investigated by varying
the input parameter kISR [PARP(67)] in PYTHIA6 tune D6T.
The product of kISR and the square of the hard-scattering
scale gives the maximum allowed parton virtuality (i.e., the
maximum allowed pT) in the initial-state shower. Previous
studies have shown that kISR is the only parameter in
PYTHIA6 that has significant impact on the �’dijet distribu-

tions [27]. The default value of kISR in PYTHIA6 tune D6T is
2.5, determined from the D0 dijet azimuthal decorrelation
results [1]. Figure 4 shows comparisons of the measured
�’dijet distributions to PYTHIA6 distributions with various

kISR values. The effects are more pronounced for smaller

�’dijet angles, where multigluon radiation dominates.

Varying kISR by �0:5 about its default value yields a
change of about 30% on the PYTHIA6 prediction for
�’dijet � �=2, suggesting that our results could be used

to tune parameters in the MC event generators that control
radiative effects in the initial state. In PYTHIA6 tune D6T,
the maximum pT allowed in the final-state radiation parton
shower is controlled through the parameter PARP(71). We
varied the value of this parameter from 2.5 to 8 (the default
value is 4.0) and observed less than �10% changes in the
�’dijet distributions in all pT regions.

In summary, we have measured dijet azimuthal decorre-
lations in different leading-jet pT regions from pp colli-
sions at

ffiffiffi

s
p ¼ 7 TeV. The PYTHIA6 and HERWIGþþ event

generators are found to best describe the shape of the
measured distributions over the entire range of �’dijet.

The predictions from NLO pQCD are in reasonable agree-
ment with the measured distributions, except at small
�’dijet where multiparton radiation effects dominate. The

�’dijet distributions are found to be sensitive to initial-state

gluon radiation.
We congratulate our colleagues in the CERN accelerator

departments for the excellent performance of the LHC
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V. Karimäki,25 R. Kinnunen,25 J. Klem,25 M. J. Kortelainen,25 T. Lampén,25 K. Lassila-Perini,25 S. Lehti,25
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F. Ligabue,64a,64c T. Lomtadze,64a L. Martini,64a,r A. Messineo,64a,64b F. Palla,64a F. Palmonari,64a S. Sarkar,64a,64c

G. Segneri,64a A. T. Serban,64a P. Spagnolo,64a R. Tenchini,64a G. Tonelli,64a,64b,b A. Venturi,64a,b P. G. Verdini,64a

L. Barone,65a,65b F. Cavallari,65a D. Del Re,65a,65b E. Di Marco,65a,65b M. Diemoz,65a D. Franci,65a,65b M. Grassi,65a

E. Longo,65a,65b G. Organtini,65a,65b A. Palma,65a,65b F. Pandolfi,65a,65b,b R. Paramatti,65a S. Rahatlou,65a,65b

N. Amapane,66a,66b R. Arcidiacono,66a,66c S. Argiro,66a,66b M. Arneodo,66a,66c C. Biino,66a C. Botta,66a,66b,b

N. Cartiglia,66a R. Castello,66a,66b M. Costa,66a,66b N. Demaria,66a A. Graziano,66a,66b,b C. Mariotti,66a

M. Marone,66a,66b S. Maselli,66a E. Migliore,66a,66b G. Mila,66a,66b V. Monaco,66a,66b M. Musich,66a,66b

M.M. Obertino,66a,66c N. Pastrone,66a M. Pelliccioni,66a,66b,b A. Romero,66a,66b M. Ruspa,66a,66c R. Sacchi,66a,66b

V. Sola,66a,66b A. Solano,66a,66b A. Staiano,66a D. Trocino,66a,66b A. Vilela Pereira,66a,66b,b S. Belforte,67a

F. Cossutti,67a G. Della Ricca,67a,67b B. Gobbo,67a D. Montanino,67a,67b A. Penzo,67a S. G. Heo,68 S. Chang,69

J. Chung,69 D.H. Kim,69 G. N. Kim,69 J. E. Kim,69 D. J. Kong,69 H. Park,69 D. Son,69 D. C. Son,69 Zero Kim,70

J. Y. Kim,70 S. Song,70 S. Choi,71 B. Hong,71 M. Jo,71 H. Kim,71 J. H. Kim,71 T. J. Kim,71 K. S. Lee,71 D.H. Moon,71

S. K. Park,71 H. B. Rhee,71 E. Seo,71 S. Shin,71 K. S. Sim,71 M. Choi,72 S. Kang,72 H. Kim,72 C. Park,72 I. C. Park,72

S. Park,72 G. Ryu,72 Y. Choi,73 Y.K. Choi,73 J. Goh,73 J. Lee,73 S. Lee,73 H. Seo,73 I. Yu,73 M. J. Bilinskas,74

I. Grigelionis,74 M. Janulis,74 D. Martisiute,74 P. Petrov,74 T. Sabonis,74 H. Castilla Valdez,75 E. De La Cruz Burelo,75

PRL 106, 122003 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

25 MARCH 2011

122003-7



R. Lopez-Fernandez,75 A. Sánchez Hernández,75 L.M. Villasenor-Cendejas,75 S. Carrillo Moreno,76

F. Vazquez Valencia,76 H. A. Salazar Ibarguen,77 E. Casimiro Linares,78 A. Morelos Pineda,78 M.A. Reyes-Santos,78

P. Allfrey,79 D. Krofcheck,79 P. H. Butler,80 R. Doesburg,80 H. Silverwood,80 M. Ahmad,81 I. Ahmed,81

M. I. Asghar,81 H. R. Hoorani,81 W.A. Khan,81 T. Khurshid,81 S. Qazi,81 M. Cwiok,82 W. Dominik,82 K. Doroba,82

A. Kalinowski,82 M. Konecki,82 J. Krolikowski,82 T. Frueboes,83 R. Gokieli,83 M. Górski,83 M. Kazana,83
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