
Physics Letters B 751 (2015) 376–395
Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Measurement of the production of neighbouring jets in lead–lead 

collisions at 
√

sNN = 2.76 TeV with the ATLAS detector

.ATLAS Collaboration �

a r t i c l e i n f o a b s t r a c t

Article history:
Received 29 June 2015
Received in revised form 3 October 2015
Accepted 22 October 2015
Available online 27 October 2015
Editor: D.F. Geesaman

This Letter presents measurements of correlated production of nearby jets in Pb+Pb collisions at √sNN =
2.76 TeV using the ATLAS detector at the Large Hadron Collider. The measurement was performed using 
0.14 nb−1 of data recorded in 2011. The production of correlated jet pairs was quantified using the rate, 
R�R , of “neighbouring” jets that accompany “test” jets within a given range of angular distance, �R , in 
the pseudorapidity–azimuthal angle plane. The jets were measured in the ATLAS calorimeter and were 
reconstructed using the anti-kt algorithm with radius parameters d = 0.2, 0.3, and 0.4. R�R was mea-
sured in different Pb+Pb collision centrality bins, characterized by the total transverse energy measured 
in the forward calorimeters. A centrality dependence of R�R is observed for all three jet radii with R�R

found to be lower in central collisions than in peripheral collisions. The ratios formed by the R�R values 
in different centrality bins and the values in the 40–80% centrality bin are presented.

© 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.
1. Introduction

Experimental studies of jet production in Pb+Pb collisions at 
the LHC can directly reveal the properties of the quark–gluon 
plasma created in the collisions. One predicted consequence of 
quark–gluon plasma formation is “jet quenching” that refers to the 
modification of parton showers initiated by hard-scattering pro-
cesses which take place in the quark–gluon plasma [1]. Measure-
ments of jet pairs at the LHC provided the first direct evidence of 
jet quenching [2,3]. In those measurements, the enhancement of 
transverse momentum imbalance of dijets in central Pb+Pb col-
lisions was observed. Measurements at the LHC of inclusive jet 
suppression [4,5] and the variation of the suppression with jet 
azimuthal angle with respect to the elliptic flow plane [6] have 
shown that the transverse energy of jets is significantly degraded 
and that the energy loss depends on the path length of the par-
ton shower in the plasma. These dijet and single-jet measurements 
provide complementary information about the jet quenching pro-
cess. The single jet measurements are sensitive to the average par-
tonic energy-loss while the dijet measurements probe differences 
in the quenching between the two parton showers traversing the 
medium. Those differences can arise from the unequal path lengths 
of the showers in the medium or from fluctuations in the energy 
loss process itself.

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

To help disentangle the contributions of these factors to the 
observed dijet asymmetries, the measurement of the correlations 
between jets that are at small relative angles was performed. 
Neighbouring jet pairs include jets originating from the same hard 
interaction, but also jets from different hard interactions. The latter 
are not of interest in this analysis, and are subtracted statisti-
cally. The remaining neighbouring jet pairs result primarily from 
hard radiation by the parton that occurs early in the process of 
the shower formation. Generally, two neighbouring jets originat-
ing from the same hard scattering should have more similar path 
lengths in the medium compared to the two jets in the previous 
dijet measurement. Therefore measuring neighbouring jets could 
probe differences in their quenching that do not result primarily 
from difference in path length. More generally, measurements of 
the correlated production of jets in the same parton shower may 
provide more detailed insight into the modification of the parton 
shower in the quark–gluon plasma beyond the subsequent quench-
ing of the resulting jets.

This Letter presents measurements of the production rate of 
neighbouring jets in Pb+Pb collisions at 

√
sNN = 2.76 TeV char-

acterized by the quantity R�R introduced in Ref. [7]. The R�R

variable quantifies the rate of neighbouring jets that accom-
pany “test” jets within a given range of angular distance, �R , in 
the pseudorapidity–azimuthal angle (η–φ) plane,1 where �R =

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction point (IP) in the centre of the detector and the z-axis along the beam pipe. 
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√
(�η)2 + (�φ)2. Jets were reconstructed with the anti-kt [8] al-

gorithm using radius parameter values d = 0.2, 0.3, and 0.4. In 
events with test jets with transverse energy ET > 70 GeV, further 
jets are searched for within a certain angular distance from the 
test jet.

The rate of the neighbouring jets that accompany a test jet, 
R�R , is defined as

R�R(Etest
T , Enbr

T ) =
∑Ntest

jet
i=1 Nnbr

jet,i(Etest
T , Enbr

T ,�R)

Ntest
jet (Etest

T )
, (1)

where Etest
T and Enbr

T are the transverse energies of the test and 
neighbouring jet, respectively; Ntest

jet is the number of test jets in a 
given Etest

T bin and Nnbr
jet is the number of neighbouring jets. Fur-

ther, the R�R quantity was used to define per-test-jet normalized 
spectra of neighbouring jets as

dR�R

dEnbr
T

= 1

Ntest
jet

Ntest
jet∑

i=1

dNnbr
jet,i

dEnbr
T

(Etest
T , Enbr

T ,�R). (2)

Previous measurements of the correlated production of neigh-
bouring jets were performed by the DØ experiment in pp̄ colli-
sions at the Tevatron [7]. The measurements by DØ were intended 
to measure the strong coupling constant, αs, and to test its running 
over a large range of momentum transfers. The measurements pre-
sented in this Letter use similar techniques and follow notations 
introduced in that measurement.

2. Experimental setup

The measurements presented in this Letter were performed us-
ing the ATLAS inner detector, calorimeter, trigger and data acquisi-
tion systems [9]. The inner detector [10] measures charged parti-
cles within the interval |η| < 2.5. The inner detector is composed 
of silicon pixel detectors in the innermost layers, followed by sili-
con microstrip detectors and a straw-tube tracker, all immersed in 
a 2 T axial magnetic field provided by a solenoid. The calorimeter 
system consists of a high-granularity liquid argon (LAr) electro-
magnetic (EM) calorimeter covering |η| < 3.2, a steel/scintillator 
sampling hadronic calorimeter covering |η| < 1.7, a LAr hadronic 
calorimeter covering 1.5 < |η| < 3.2. The hadronic calorimeter has 
three sampling layers longitudinal in shower depth and has a 
�η × �φ granularity of 0.1 × 0.1 for |η| < 2.5 and 0.2 × 0.2 for 
2.5 < |η| < 4.9.2 The EM calorimeters are segmented into three 
shower-depth compartments with an additional pre-sampler layer. 
The forward regions are instrumented with copper/LAr and tung-
sten/LAr forward calorimeters (FCal) covering 3.2 < |η| < 4.9, op-
timized for electromagnetic and hadronic energy measurements, 
respectively. Two minimum-bias trigger scintillators (MBTS) coun-
ters are located on each side at 3.56 m along the beamline from 
the centre of the ATLAS detector. The MBTS detect charged par-
ticles in the range 2.1 < |η| < 3.9. Each MBTS counter is divided 
into 16 sections, each of which provides measurements of both the 
pulse heights and arrival times of energy deposits. The zero-degree 
calorimeters (ZDCs) are located symmetrically at z = ±140 m and 
cover |η| > 8.3. In Pb+Pb collisions the ZDCs measure primarily 

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).

2 An exception is the third sampling layer that has a segmentation of 0.2 × 0.1
up to |η| = 1.4.

“spectator” neutrons, which originate from one of the incident nu-
clei and do not interact hadronically with nucleons of the other 
nucleus.

Minimum-bias Pb+Pb collisions were required either to have 
the transverse energy in the whole calorimeter exceeding 50 GeV 
at the Level-1 trigger or to have a track reconstructed in the inner 
detector in coincidence with ZDC signals on both sides.

Events with high-pT jets were selected using a combination of a 
minimum-bias Level-1 trigger and High Level Trigger (HLT) jet trig-
gers. The Level-1 minimum-bias trigger required a total transverse 
energy measured in the calorimeter to be larger than 10 GeV. The 
HLT jet trigger used the offline Pb+Pb jet reconstruction described 
in Section 4, except for the application of the final hadronic energy 
scale correction. The HLT jet trigger selected events containing a 
d = 0.2 jet with ET > 20 GeV.

3. Event selection and data sets

This analysis used data from Pb+Pb collisions at a nucleon–
nucleon centre-of-mass energy of 

√
sNN = 2.76 TeV recorded by 

ATLAS in 2011. It utilizes data samples corresponding to a total in-
tegrated luminosity of 0.14 nb−1. The minimum-bias sample was 
recorded with different prescales depending on the instantaneous 
luminosity in the LHC fill. The prescale indicates which fraction of 
events that passed the trigger selection were selected for recording 
by the DAQ. The minimum-bias trigger recorded an effective lumi-
nosity of 7 μb−1. Events selected by the minimum-bias trigger and 
the jet triggers were required to have a reconstructed primary ver-
tex with at least three associated tracks each with pT > 500 MeV
and a difference between time of pulses from the two sides of 
the MBTS detector of less than 7 ns. A total of 51 (14.2) million 
minimum-bias triggered (jet-triggered) events passed the applied 
event selections and were used in the analysis.

In heavy-ion collisions, “centrality” reflects the overlap volume 
of the two colliding nuclei, controlled by the impact parameter of 
the collisions. The centrality of Pb+Pb collisions was character-
ized by �EFCal

T , the total transverse energy measured in the FCal 
[11]. The centrality intervals were defined according to successive 
percentiles of the �EFCal

T distribution ordered from the most cen-
tral (highest �EFCal

T ) to the most peripheral collisions. Production 
of neighbouring jets was measured in four centrality bins: 0–10%, 
10–20%, 20–40%, and 40–80%, with the 40–80% bin serving as the 
reference. The percentiles were defined after correcting the �EFCal

T
distribution for a 2% minimum-bias trigger inefficiency that affects 
the most peripheral events, which are not included in this analysis.

The performance of the ATLAS detector and offline analysis in 
measuring jets in the environment of Pb+Pb collisions was evalu-
ated using a large sample of Monte Carlo (MC) events obtained by 
overlaying simulated PYTHIA [12] hard-scattering events onto ran-
domly selected minimum-bias Pb+Pb events, recorded by ATLAS 
during the same data-taking period as the data used in this anal-
ysis. PYTHIA version 6.423 with the AUET2B tune [13] was used. 
Three million PYTHIA events were produced for each of five inter-
vals of the transverse momentum of outgoing partons in the 2 → 2
hard-scattering process, with boundaries 17, 35, 70, 140, 280, and 
560 GeV. The detector response to the PYTHIA events was simu-
lated using GEANT4 [14,15], and the simulated hits were combined 
with the data from the minimum-bias Pb+Pb events before per-
forming the reconstruction.

4. Jet reconstruction and neighbouring jet selection

Jets were reconstructed within the pseudorapidity interval |η| <
2.8. The jet reconstruction techniques described in Ref. [4] were 
used, and are briefly summarized here. The anti-kt algorithm was 
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first run in four-vector recombination mode, on �η × �φ = 0.1 ×
0.1 logical towers. The energies in the towers were obtained by 
summing energies of calorimeter cells, calibrated at a scale set 
for electron showers, within the tower boundaries. Then, an it-
erative procedure was used to estimate a calorimeter layer- and 
η-dependent underlying event (UE) energy density, while exclud-
ing actual jets from that estimate. The UE energy was subtracted 
from each calorimeter cell within the towers included in the re-
constructed jet. The subtraction accounted for a cos 2φ modulation 
in the UE energy density due to collective flow [11] of the medium 
using a measurement of the amplitude and phase of that modula-
tion in the calorimeter. The jet energies and momenta were calcu-
lated via a sum of all cells contained within the jets, treating each 
cell as a massless four-vector, using ET values after the UE subtrac-
tion. A correction was applied to the reconstructed jet transverse 
energies to account for jets not excluded or only partially excluded 
from the UE estimate. The magnitude of the correction was typ-
ically a few percent but can be as large as 10% for jets whose 
energies are fully included in the UE estimate. Then, a final η-
and jet ET-dependent hadronic energy scale calibration factor was 
applied [4].

Separate from the calorimeter jets, “track jets” were recon-
structed by applying the anti-kt algorithm with d = 0.4 to charged 
particles having pT > 4 GeV. The track jets were used in conjunc-
tion with electromagnetic clusters to remove the contribution of 
“UE jets” generated by fluctuations in the underlying event. The 
technique is described in detail in Ref. [4].

In the MC simulation, the kinematics of the reference PYTHIA 
generator-level jets (hereafter called “truth jets”) were recon-
structed from PYTHIA final-state particles with the anti-kt algo-
rithm with radius d = 0.2, 0.3, and 0.4 using the same techniques 
as applied in pp analyses [16]. PYTHIA truth jets were matched to 
the closest reconstructed jet of the same d value within �R = 0.2. 
The resulting matched jets were used to evaluate the jet energy 
resolution (JER), the jet energy scale (JES), the jet angular resolu-
tion, and the jet reconstruction efficiency.

The R�R measurement was performed with the sample trig-
gered by the jet triggers. The measurement was done differen-
tially in transverse energy of the test and neighbouring jets, and 
in collision centrality. Five Etest

T intervals 70–80, 80–90, 90–110, 
110–140, 140–300 GeV and four Enbr

T intervals, 30–45, 45–60, 
60–80, 80–130 GeV were used. Furthermore configurations where 
all the ET bins of the test jets or of the neighbouring jets have 
the same upper bound of 300 GeV were also used in this anal-
ysis. The number of bins and their boundaries were chosen to 
minimize the impact of the limited number of events in the data 
while preserving the ability to infer the trends in the measured 
distributions. For each jet radius, neighbouring jets are considered 
if they lie within a specific annulus in �R around the test jet: 
0.5 < �R < 1.6, 0.6 < �R < 1.6, and 0.8 < �R < 1.6 for d = 0.2, 
d = 0.3, and d = 0.4 jets, respectively. The inner edge of each annu-
lus was chosen to avoid possible overlap of test and neighbouring 
jets, and the outer edge value (� π/2) rejects neighbouring jets 
in the hemisphere opposite to the test jet and maximizes the 
number of events. Choosing a maximum �R of 1.6 restricts the 
pseudorapidity range of test jets to |η| < 1.2, yielding approxi-
mately 87 × 103 d = 0.4 test jets with pT > 80 GeV analysed in 
0–10% central events and 37 × 103 test jets in 40–80% peripheral 
events.

To quantify the centrality dependence of the neighbouring jet 
yields, the ratio ρR�R ≡ R�R |cent/R�R |40−80 is calculated as the ra-
tio of R�R measured in each centrality bin to R�R measured in the 
reference (40–80%) bin.

5. Corrections to neighbouring jet rates

The raw rates of neighbouring jets include a contribution from 
neighbouring jets that originate from different hard partonic in-
teractions in the same Pb+Pb collision. This combinatorial back-
ground is present both in the MC simulation and in the data 
and must be subtracted. It is largest in the low Enbr

T bins and 
it increases with increasing centrality of the collision, since the 
probability for the presence of two independent hard scatterings 
in one Pb+Pb collision is expected to increase with the number 
of binary collisions. The combinatorial background is estimated 
using the differential yield of inclusive jets (d3 Njet/dηdφdET) eval-
uated in minimum-bias Pb+Pb events. To each event considered 
a weight is assigned such that the event sample obtained from 
the minimum-bias trigger has the same centrality distribution as 
the sample collected by the jet trigger. This estimated background 
needs to be corrected for a geometrical bias present in the case 
where the combinatorial jet overlaps with a real neighbouring jet 
or when two combinatorial jets overlap. These biases were re-
moved by applying a multiplicative correction factor to background 
distributions prior to the subtraction. This multiplicative factor was 
derived from the reconstruction efficiency of two neighbouring jets 
evaluated as a function of their angular separation in the annulus. 
In that evaluation, one jet was required to originate from PYTHIA’s 
hard scattering and the other jet was required to originate from 
the minimum-bias data in the overlay. The impact of this correc-
tion on the final subtracted distribution is smaller than 0.5%.

The combinatoric jet kinematics may also be affected by the 
presence of a test jet. To control this influence, a study comparing 
the combinatoric jets from the overlay MC events with the same 
jets in the original minimum-bias data was performed. This study 
resulted in an additional correction, independent of centrality and 
jet ET, that decreases the combinatorial background by 1.5%. The 
±1.2% uncertainty on the correction originates from the limited 
number of events and was included in the systematic uncertain-
ties.

In order to account for the effect of the azimuthal dependence 
of jet yields [6], the combinatorial background was reweighted to 
take into account the measured azimuthal distributions of test jets 
as well as combinatorial jets. The change of the raw subtracted dis-
tribution in central collisions and low Enbr

T bins after the reweight-
ing is at the level of 1% and decreases with increasing centrality of 
the collision and Enbr

T .
The background is subtracted from raw R�R distributions both 

in the data and in the MC simulation, allowing an evaluation of 
the effectiveness of the subtraction using the MC simulation. The 
signal-to-background ratio strongly depends on the centrality of 
the collision and Enbr

T . In 0–10% central collisions, the signal-to-
background ratio can be as low as 0.15 for the most extreme case 
of 30 < Enbr

T < 45 GeV, and increases to approximately 0.8 for 
60 < Enbr

T < 80 GeV.
The raw subtracted R�R distributions are affected by the jet en-

ergy resolution. The combination of the jet energy resolution and 
the steeply falling ET spectrum produces a net migration of jets 
from lower ET to higher ET values such that a jet reconstructed 
with a given Erec

T corresponds, on average, to a lower truth jet ET, 
〈Etruth

T 〉. The relationship between 〈Etruth
T 〉 and Erec

T was evaluated 
in simulated events for the different centrality bins and three jet 
radii used in the analysis. The extracted relationships were used to 
correct for the average shift in the test jet energy. No correction 
due to the jet reconstruction efficiency for the test jets is needed, 
since the analysis operates in the transverse energy region where 
the jet reconstruction is fully efficient. No correction due to jet 
trigger efficiency is needed either since the plateau of the jet trig-
ger efficiency is reached for all test jets, except for d = 0.4 jets 
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Fig. 1. Reconstruction efficiency (left) of neighbouring jets as a function of the trans-
verse energy of the neighbouring jet at Monte Carlo generator level Enbr

T,truth and 
bin-by-bin correction factors for the distributions of the neighbouring jet rate R�R

(right) as a function of the reconstructed transverse energy of the neighbouring 
jet Enbr

T . Plots for two different jet radii, d = 0.4 (upper plots) and d = 0.2 (lower 
plots) are shown and the transverse energy of the test jet Etest

T is required to ex-
ceed 90 GeV. The four different centrality bins are denoted by different markers in 
each plot. The vertical error bars represent statistical uncertainties.

with Etest
T < 90 GeV in the 0–10% and 10–20% centrality bins. In 

the region 70 < ET < 90 GeV, the jet trigger efficiency is above 
85%. A systematic uncertainty is applied to describe the effect of 
the lower jet reconstruction efficiency.

The impact of the jet energy resolution, reconstruction effi-
ciency, and angular resolution on neighbouring jet yields is cor-
rected for by applying bin-by-bin unfolding to the raw subtracted 
R�R distributions. For each measured R�R distribution, two corre-
sponding MC distributions are evaluated, one using truth jets and 
the other using jets after the detector simulation. The ratio of these 
two MC distributions provides a correction factor which is then ap-
plied to the data.

The bin-by-bin correction factors are derived from the MC sim-
ulation where the reconstructed jets were matched to the truth 
jets. To account for the impact of the jet angular resolution, the 
truth jet is required to lie within a given annulus while the recon-
structed jet is allowed to fall outside of the annulus.

Examples of jet reconstruction efficiencies for neighbouring jets 
and the bin-by-bin correction factors accounting for the efficiency 
and resolution effects are shown in Fig. 1 for different centrality 
selections and for two choices of jet radii: d = 0.4 and d = 0.2. 
Generally, the jet energy resolution in central (0–10%) collisions 
for d = 0.4 jets has comparable contributions from UE fluctuations 
and the “intrinsic” resolution of the calorimetric jet measurement. 
The fluctuations in the UE are approximately two times smaller for 
d = 0.2 jets than they are for d = 0.4 jets. Thus, the distributions 
measured using d = 0.2 jets are far less sensitive to the effects of 
the jet energy resolution, and consequently the resulting bin-by-
bin correction factors for those distributions exhibit only a modest 
centrality dependence. The difference in the jet reconstruction ef-
ficiency between the two choices of jet radii is also significant – 
the efficiency for d = 0.2 jets plateaus around 30 GeV, where it is 
still rising rapidly for d = 0.4 jets.

Fig. 2. Summary of how the corrections impact the dR�R/dEnbr
T distribution mea-

sured in the data in different centrality bins. The dR�R/dEnbr
T is shown for d = 0.4

jets for Etest
T > 80 GeV and in the interval 30 < Enbr

T < 45 GeV. Squares show the 
raw dR�R/dEnbr

T prior to the UE subtraction, circles show the combinatorial back-
ground, triangles show the subtracted dR�R/dEnbr

T prior to unfolding by applying 
the bin-by-bin correction factors, and diamonds show the unfolded dR�R /dEnbr

T . 
Vertical error bars on the combinatorial background, raw, and subtracted distribu-
tions represent statistical uncertainties. Vertical error bars on the unfolded distri-
bution represent the combined statistical uncertainty from the unfolding and from 
subtracted distributions.

The jet angular resolution is determined in MC simulation as 
the standard deviation of the difference in angles between truth 
and reconstructed jets. In both η and φ it reaches 0.008 in 0–10% 
collisions and 0.005 in the 40–80% centrality bin for d = 0.4 jets 
with ET = 30 GeV. The angular resolution improves with increasing 
jet ET and reaches 0.004 (resolution in η) and 0.002 (resolution 
in φ) at ET = 200 GeV, independently of centrality.

The impact of these corrections on R�R distributions mea-
sured in the data in different centrality bins is shown in Fig. 2. 
The figure shows the raw R�R distribution, and the combinato-
rial background, subtracted, and final unfolded R�R distributions 
for d = 0.4 jets with Etest

T > 80 GeV and in the lowest Enbr
T inter-

val, 30 < Enbr
T < 45 GeV. The raw R�R distribution increases from 

peripheral to central collisions. The increase of the combinatorial 
background is steeper than the increase of the raw distribution. 
Therefore, a decrease of subtracted R�R with increasing collision 
centrality is observed. The trend in the centrality dependence of 
the R�R distribution remains unchanged when the bin-by-bin cor-
rection is applied.

6. Systematic uncertainties

Systematic uncertainties in the measurement of R�R distribu-
tions and their ratios, ρR�R , arise from the uncertainty on the jet 
energy scale, jet energy resolution, angular resolution, bin-by-bin 
unfolding, centrality, combinatorial background and jet trigger ef-
ficiency. The impact of uncertainties on the jet energy scale, jet 
energy resolution and jet angular resolution was assessed by con-
structing new bin-by-bin correction factors with a systematically 
varied relationship between the reconstructed and truth jet kine-
matics. The resulting uncertainties on R�R and ρR�R were evalu-
ated from their changed values obtained with modified jet energy 
scale, jet energy resolution and jet angular resolution dependen-
cies.

The systematic uncertainty due to the jet energy scale is com-
posed of two parts: an absolute, centrality-independent compo-
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nent, and a centrality-dependent component. The uncertainty on 
R�R from the jet energy scale uncertainty is evaluated by shifting 
all reconstructed jet transverse energies by ±1 standard devia-
tion of the jet energy scale uncertainty. The absolute component 
is determined from the in situ studies of the calorimeter response; 
systematic variations of the jet response in the MC simulation [16]; 
and from studies of the relative energy scale difference between 
the jet reconstruction procedure in heavy-ion collisions, and the 
procedure used for inclusive jet measurements in 2.76 TeV and 
7 TeV pp collisions [17]. The magnitude of the uncertainty on the 
R�R from the absolute jet energy scale uncertainty varies from 2% 
to 15% as a function of ET and radius of the jet. The centrality-
dependent component of jet energy scale uncertainty [5] was es-
timated using the PYQUEN MC generator [18]. The PYQUEN MC 
generator was tuned with the Pro-Q20 tune [19] to provide a sam-
ple of jets with modified fragmentation functions consistent with 
measurements in quenched jets performed by ATLAS [20] and CMS 
[21] as documented in Ref. [17].

The centrality-dependent jet energy scale uncertainty reaches 
1% for 0–10% central collisions and less than 0.25% for 40–80% pe-
ripheral collisions. The uncertainty on R�R originating from the 
centrality-dependent component of the jet energy scale uncer-
tainty increases from less than 1% in peripheral collisions to 3% 
in central collisions.

The effect of the jet energy resolution uncertainty was evalu-
ated by applying modified bin-by-bin correction factors where the 
reconstructed jet ET was smeared. The uncertainty on the jet en-
ergy resolution is dominated by the uncertainty in the detector 
response. Thus, the procedure used for jet measurements in the 
7 TeV pp collisions [16] is used. The smearing factor is evalu-
ated using an in situ technique involving studies of dijet energy 
balance. The systematic uncertainty on R�R due to the jet en-
ergy resolution varies from 1% to 4% depending on the jet ET. 
The centrality-independent jet energy scale uncertainty and the 
uncertainty from jet energy resolution tend to cancel in the ρR�R

ratios since both the numerator and denominator in the ratios are 
affected to a similar degree by the variations accounting for the 
uncertainties.

The systematic uncertainty on combinatorial contributions orig-
inates from the previously noted uncertainty on the correction 
factor taking into account the difference between jets in minimum-
bias events and combinatorial jets in the overlay. The result-
ing uncertainty reaches ∼8% in 0–10% central collisions at low 
Enbr

T and rapidly decreases with decreasing centrality or increas-
ing Enbr

T .
The systematic uncertainty associated with the bin-by-bin un-

folding is connected with possible differences in the spectral 
shape between the data and the MC simulation. To achieve bet-
ter correspondence with the data, the simulated jet spectrum was 
reweighted to match the spectral shape in the data before de-
riving the bin-by-bin correction factors as described above. Con-
servatively, the entire change in R�R and ρR�R induced by the 
use of reweighted bin-by-bin correction factors is taken as a sys-
tematic uncertainty. Typically, this results in 1–2% uncertainty on 
R�R . A maximum uncertainty of 5% is reached in 0–10% central 
collisions for R�R evaluated for neighbouring jets with Enbr

T >

30 GeV.
The uncertainty on the centrality estimation originates from 

the uncertainty on the estimated inefficiency of the minimum-bias 
trigger. The analysis was repeated with modified centrality bins 
assuming 100% minimum-bias trigger efficiency. The resulting un-
certainty is typically smaller than 5% with a mild ET dependence 
and a negligible centrality dependence.

The uncertainty associated with the jet angular resolution is 
estimated using modified bin-by-bin correction factors where the 

Table 1
Maximum systematic uncertainties on R�R (δR�R ) and on the ratio of R�R in cen-
tral collisions and in peripheral (40–80%) collisions ρR�R (δρR�R ) for d = 0.4 jets in 
the 0–10% and 40–80% centrality bins. The systematic uncertainty on the trigger is 
applicable only for Etest

T < 90 GeV.

δR�R δρR�R

0–10% 40–80% 0–10%

JES 15% 11% 7%
JER 4% 2% 2%
Angular resolution 2% 0.5% 2%
Unfolding 5% 2% 5%
Centrality 6% 6% 6%
Combinatoric 8% <0.5% 8%
Trigger 5% – 5%

Fig. 3. Summary of the relative systematic uncertainties, in %, on the R�R distribu-
tions (δR�R ). The systematic uncertainties due to the jet energy scale (JES), the 
jet energy resolution (JER), the jet angular resolution, unfolding, jet trigger effi-
ciency, combinatorial contributions and centrality are shown for d = 0.4 jets with 
Etest

T > 70 GeV in 0–10% central collisions.

reconstructed jet η and φ is smeared to reflect a up to ∼15% cen-
trality and ET dependent uncertainty on the angular resolution. 
The uncertainty on the jet angular resolution was estimated by 
comparing the angular distance between track jets and the closest 
calorimetric jet in the data and in the MC simulation. The mag-
nitude of uncertainty on R�R from the jet angular resolution is 
smaller than 2%.

The systematic uncertainty on the jet trigger efficiency covers 
a possible bias caused by selecting test jets in the region where 
the jet trigger is not fully efficient. This is the case for the d = 0.4
jets with Etest

T < 90 GeV reconstructed in the 0–10% and 10–20% 
centrality bins. For that ET region, the systematic uncertainty was 
determined as the difference between the trigger efficiencies for 
inclusive jets and jets that were required to have a neighbouring 
jet. This trigger efficiency difference is less than 5% and is inde-
pendent of the Enbr

T .
To avoid statistical fluctuations in the values of systematic 

uncertainties, the weak Enbr
T dependence of the uncertainties is 

smoothed by a second-order polynomial. Systematic uncertain-
ties on R�R for d = 0.4 jets are summarized in Table 1 for the 
0–10% and 40–80% centrality bins. The table shows the maximum 
values of uncertainties for R�R and for ρR�R . The total system-
atic uncertainties for jets with the other two jet radii are smaller 
than those shown in the table. For the 0–10% centrality bin these 
systematic uncertainties are also plotted in Fig. 3 as a function 
of Enbr

T .
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Fig. 4. R�R distributions for d = 0.4 jets (upper) and d = 0.2 jets (lower) evaluated as a function of Etest
T . The three different columns show R�R distributions evaluated for 

three different lower bounds on the neighbouring-jet transverse energy, Enbr
T > 30, 45, and 60 GeV. The four different centrality bins are denoted by different markers in each 

plot. The shaded bands indicate systematic uncertainties, vertical error bars represent statistical uncertainties, the horizontal size of the systematic uncertainties indicates the 
bin width. The data points and horizontal uncertainties for the 10–20%, 20–40%, and 40–80% centrality bins are shifted along the horizontal axis with respect to the 0–10% 
centrality bin for clarity.
7. Results

The R�R measurement is performed differentially in collision 
centrality, transverse energy of the test jet, E test

T , and transverse 
energy of the neighbouring jet, Enbr

T , as described Section 4. The 
measured distributions are divided into four centrality bins, 0–10%, 
10–20%, 20–40%, and 40–80%. Fig. 4 shows the fully corrected R�R
distributions for d = 0.4 and d = 0.2 jets evaluated as a function of 
Etest

T . The distributions are shown for four centrality bins and three 
different lower bounds on the neighbouring-jet transverse energy, 
Enbr

T > 30, 45, and 60 GeV. The shaded error bands on the plots 
indicate the systematic uncertainties discussed in Section 6. The 
R�R distribution exhibits an increase with increasing E test

T , which 
is consistent in shape with the previous measurement of the same 
quantity by DØ in pp collisions. Sizeable differences between the 
four different centrality bins are observed for all three jet radii. 
The yield of neighbouring jets is suppressed as the centrality of 
the collision increases.

To further investigate the centrality dependence of neighbour-
ing jet yields, the per-test-jet normalized ET spectra of neighbour-
ing jets defined in Eq. (2) were evaluated. The resulting differen-
tial ET spectra are shown in Fig. 5 for d = 0.4 and d = 0.2 jets 
and three different lower bounds on the test-jet transverse energy, 
Etest

T > 80, 90, and 110 GeV. The same trend of suppression in cen-
tral collisions can be seen as that for R�R evaluated as a function 
of test-jet transverse energy shown in Fig. 4. This is a consequence 
of the steeply falling shape of the ET spectra. To better quantify the 
differences in the ET spectra of neighbouring jets, the ET spectra 
were fitted to a power-law function, ∝ 1/ET

n , and the power index 
was extracted for all three choices of jet radius and four central-
ity bins. The results are given in Table 2. The ET spectra measured 
in central and peripheral collisions differ in the power-law index 
by approximately two standard deviations for both the d = 0.4 and 
d = 0.3 jets, suggesting that the ET spectra may be less steep in 
central collisions than in peripheral collisions.

To quantify the centrality dependence of the suppression of 
neighbouring jets, the ratios ρR�R were calculated by dividing R�R
measured in each centrality bin, except the peripheral bin, by R�R

Table 2
Power-law index n extracted from fits of dR�R/dEnbr

T distributions 
to a power-law function ∝ 1/ET

n for Etest
T > 90 GeV, for four bins 

in centrality and three jet radii. The resulting fit error takes into 
account combined statistical and systematic uncertainties.

0–10%

d = 0.4 2.73 ± 0.23(stat.) ± 0.12(syst.)
d = 0.3 2.83 ± 0.16(stat.) ± 0.14(syst.)
d = 0.2 2.81 ± 0.15(stat.) ± 0.15(syst.)

10–20%

d = 0.4 2.85 ± 0.17(stat.) ± 0.13(syst.)
d = 0.3 2.51 ± 0.15(stat.) ± 0.11(syst.)
d = 0.2 2.56 ± 0.16(stat.) ± 0.12(syst.)

20–40%

d = 0.4 2.90 ± 0.12(stat.) ± 0.10(syst.)
d = 0.3 2.91 ± 0.11(stat.) ± 0.09(syst.)
d = 0.2 2.62 ± 0.13(stat.) ± 0.10(syst.)

40–80%

d = 0.4 3.26 ± 0.15(stat.) ± 0.13(syst.)
d = 0.3 3.24 ± 0.15(stat.) ± 0.11(syst.)
d = 0.2 2.99 ± 0.17(stat.) ± 0.11(syst.)

measured in the peripheral (40–80%) bin. Fig. 6 shows ρR�R evalu-
ated as a function of Etest

T and Enbr
T . Some systematic uncertainties 

cancel in the central-to-peripheral ratio as described in Section 6, 
resulting in ρR�R distributions that are dominated by statistical 
uncertainties. Ratios are evaluated for d = 0.4 jets, which suffer 
the least from the statistical uncertainties, that are still large. Nev-
ertheless, several characteristic features can be observed: the ρR�R

distributions do not exhibit any strong dependence on E test
T ; the 

suppression factor ρR�R of the most central collisions is at the 
level of 0.5–0.7 for all three lower bounds on Enbr

T ; the suppression 
seems to become less pronounced with decreasing centrality. This 
is qualitatively consistent with the observation of the centrality-
dependent suppression of inclusive jet yields [4]. In that measure-
ment, the suppression of the inclusive jet yields was evaluated in 
terms of the ratio RCP of the inclusive jet yield in central colli-
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Fig. 5. The dR�R/dEnbr
T distributions for d = 0.4 jets (upper) and d = 0.2 jets (lower) evaluated as a function of Enbr

T . The three different columns show the dR�R/dEnbr
T

distributions evaluated for three different lower bounds on the test-jet transverse energy, Etest
T > 80, 90, and 110 GeV. The four different centrality bins are denoted by 

different markers in each plot. The shaded bands indicate systematic uncertainties, vertical error bars represent statistical uncertainties, the horizontal size of the systematic 
uncertainties indicates the bin width. The data points and horizontal uncertainties for 10–20%, 20–40%, and 40–80% centrality bins are shifted along the horizontal axis with 
respect to 0–10% centrality bin for clarity.

Fig. 6. The ratio of R�R for three bins of collision centrality to those in 40–80% collisions, ρR�R = R�R |cent/R�R |40−80 for d = 0.4 jets. The ρR�R is evaluated as a function 
of Etest

T for three different choices of lower bound on Enbr
T (upper) and as a function of Enbr

T for three different choices of lower bound on Etest
T (lower). The shaded bands 

indicate systematic uncertainties, vertical error bars represent statistical uncertainties, the horizontal size of the systematic uncertainties indicates the bin width. The data 
points and horizontal uncertainties for 10–20%, 20–40%, and 40–80% centrality bins are shifted along the horizontal axis with respect to 0–10% centrality bin for clarity.
sions to the yield in 60–80% peripheral collisions spanning the jet 
pT range of 40–200 GeV. Values of RCP ∼ 0.5 were measured in the 
0–10% most central collisions and exhibited only a weak jet-pT de-
pendence.

Contrary to a modest dependence of ρR�R on the test-jet ET, 
the ρR�R evaluated as a function of Enbr

T suggests a decrease of 

suppression with increasing Enbr
T . Such a decrease in suppression 

with increasing Enbr
T may in fact be expected. The jet quenching 

is generally expected to depend on the initial parton energy, but 
if the splitting happens such that the two partons have similar 
energy, their quenching would likely be comparable due to simi-
lar in-medium path-length travelled by the two partons forming 
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neighbouring jets. Thus, in the configuration of Enbr
T ≈ Etest

T the 
per-test-jet normalization effectively removes the impact of the 
suppression.

8. Conclusions

This Letter presents results of a measurement of the produc-
tion of neighbouring jets using pairs of jets produced at opening 
angles less than π/2 in η–φ plane. After subtraction of combinato-
rial backgrounds from different hard-scattering processes, such jet 
pairs result from the production of multiple jets in the same hard-
scattering process. As such, it is complementary to previous studies 
of single-jet suppression and dijet asymmetry. By probing the rel-
ative quenching of a pair of correlated jets in different collision 
centralities, this measurement opens up the possibility to study 
the role of fluctuations in the jet quenching process. This mea-
surement represents a first, exploratory study of how the quark–
gluon plasma influences the production and/or later evolution of 
the neighbouring jets from the same parton shower in heavy-ion 
collisions.

The jet angular correlations were measured in 
√

sNN = 2.76 TeV
Pb+Pb collisions using 0.14 nb−1 of data recorded in 2011 by the 
ATLAS detector at the LHC. The measurements were performed 
using jets reconstructed with the anti-kt algorithm for jet radii 
d = 0.2, d = 0.3, and d = 0.4. The production of pairs of corre-
lated jets was quantified using the rate of neighbouring jets that 
accompany a test jet, R�R , evaluated both as a function of test-jet 
ET and neighbouring-jet ET. A significant dependence of R�R on 
collision centrality is observed in both cases, suggesting a suppres-
sion of neighbouring jets which increases with increasing central-
ity of the collision. The centrality dependence of the suppression 
was further quantified using the central-to-peripheral ratio of R�R

distributions, ρR�R . The trends seen in ρR�R evaluated as a func-
tion of neighbouring-jet ET indicate a decrease in suppression with 
increasing neighbouring-jet ET which is, however, of limited sig-
nificance due to the limited size of the available data sample. The 
ρR�R evaluated as a function of test-jet ET exhibits a suppression 
reaching values of 0.5–0.7 in 0–10% central collisions and does not 
show any strong dependence on ET. This behaviour of the neigh-
bouring jet production can be used to constrain the theoretical 
models aiming to describe fluctuations in the jet energy loss.
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M. Janus 171, G. Jarlskog 80, N. Javadov 64,b, T. Javůrek 48, L. Jeanty 15, J. Jejelava 51a,r , G.-Y. Jeng 151, 
D. Jennens 87, P. Jenni 48,s, J. Jentzsch 43, C. Jeske 171, S. Jézéquel 5, H. Ji 174, J. Jia 149, Y. Jiang 33b, 
M. Jimenez Belenguer 42, S. Jin 33a, A. Jinaru 26a, O. Jinnouchi 158, M.D. Joergensen 36, 
K.E. Johansson 147a,147b, P. Johansson 140, K.A. Johns 7, K. Jon-And 147a,147b, G. Jones 171, R.W.L. Jones 71, 
T.J. Jones 73, J. Jongmanns 58a, P.M. Jorge 125a,125b, K.D. Joshi 83, J. Jovicevic 148, X. Ju 174, C.A. Jung 43, 
R.M. Jungst 30, P. Jussel 61, A. Juste Rozas 12,p, M. Kaci 168, A. Kaczmarska 39, M. Kado 116, H. Kagan 110, 
M. Kagan 144, E. Kajomovitz 45, C.W. Kalderon 119, S. Kama 40, A. Kamenshchikov 129, N. Kanaya 156, 
M. Kaneda 30, S. Kaneti 28, V.A. Kantserov 97, J. Kanzaki 65, B. Kaplan 109, A. Kapliy 31, D. Kar 53, 
K. Karakostas 10, N. Karastathis 10, M. Karnevskiy 82, S.N. Karpov 64, Z.M. Karpova 64, K. Karthik 109, 
V. Kartvelishvili 71, A.N. Karyukhin 129, L. Kashif 174, G. Kasieczka 58b, R.D. Kass 110, A. Kastanas 14, 
Y. Kataoka 156, A. Katre 49, J. Katzy 42, V. Kaushik 7, K. Kawagoe 69, T. Kawamoto 156, G. Kawamura 54, 
S. Kazama 156, V.F. Kazanin 108,c, M.Y. Kazarinov 64, R. Keeler 170, R. Kehoe 40, J.S. Keller 42, J.J. Kempster 76, 
H. Keoshkerian 5, O. Kepka 126, B.P. Kerševan 74, S. Kersten 176, K. Kessoku 156, J. Keung 159, 
F. Khalil-zada 11, H. Khandanyan 147a,147b, A. Khanov 113, A. Khodinov 97, A. Khomich 58a, T.J. Khoo 28, 
G. Khoriauli 21, A. Khoroshilov 176, V. Khovanskiy 96, E. Khramov 64, J. Khubua 51b,t , H.Y. Kim 8, 
H. Kim 147a,147b, S.H. Kim 161, N. Kimura 172, O.M. Kind 16, B.T. King 73, M. King 168, R.S.B. King 119, 
S.B. King 169, J. Kirk 130, A.E. Kiryunin 100, T. Kishimoto 66, D. Kisielewska 38a, F. Kiss 48, T. Kittelmann 124, 
K. Kiuchi 161, E. Kladiva 145b, M. Klein 73, U. Klein 73, K. Kleinknecht 82, P. Klimek 147a,147b, A. Klimentov 25, 
R. Klingenberg 43, J.A. Klinger 83, T. Klioutchnikova 30, P.F. Klok 105, E.-E. Kluge 58a, P. Kluit 106, S. Kluth 100, 
E. Kneringer 61, E.B.F.G. Knoops 84, A. Knue 53, D. Kobayashi 158, T. Kobayashi 156, M. Kobel 44, 
M. Kocian 144, P. Kodys 128, P. Koevesarki 21, T. Koffas 29, E. Koffeman 106, L.A. Kogan 119, S. Kohlmann 176, 
Z. Kohout 127, T. Kohriki 65, T. Koi 144, H. Kolanoski 16, I. Koletsou 5, J. Koll 89, A.A. Komar 95,∗, 
Y. Komori 156, T. Kondo 65, N. Kondrashova 42, K. Köneke 48, A.C. König 105, S. König 82, T. Kono 65,u, 
R. Konoplich 109,v, N. Konstantinidis 77, R. Kopeliansky 153, S. Koperny 38a, L. Köpke 82, A.K. Kopp 48, 
K. Korcyl 39, K. Kordas 155, A. Korn 77, A.A. Korol 108,c, I. Korolkov 12, E.V. Korolkova 140, V.A. Korotkov 129, 
O. Kortner 100, S. Kortner 100, V.V. Kostyukhin 21, V.M. Kotov 64, A. Kotwal 45, C. Kourkoumelis 9, 



388 ATLAS Collaboration / Physics Letters B 751 (2015) 376–395

V. Kouskoura 155, A. Koutsman 160a, R. Kowalewski 170, T.Z. Kowalski 38a, W. Kozanecki 137, A.S. Kozhin 129, 
V. Kral 127, V.A. Kramarenko 98, G. Kramberger 74, D. Krasnopevtsev 97, M.W. Krasny 79, 
A. Krasznahorkay 30, J.K. Kraus 21, A. Kravchenko 25, S. Kreiss 109, M. Kretz 58c, J. Kretzschmar 73, 
K. Kreutzfeldt 52, P. Krieger 159, K. Kroeninger 54, H. Kroha 100, J. Kroll 121, J. Kroseberg 21, J. Krstic 13, 
U. Kruchonak 64, H. Krüger 21, T. Kruker 17, N. Krumnack 63, Z.V. Krumshteyn 64, A. Kruse 174, 
M.C. Kruse 45, M. Kruskal 22, T. Kubota 87, S. Kuday 4a, S. Kuehn 48, A. Kugel 58c, A. Kuhl 138, T. Kuhl 42, 
V. Kukhtin 64, Y. Kulchitsky 91, S. Kuleshov 32b, M. Kuna 133a,133b, J. Kunkle 121, A. Kupco 126, 
H. Kurashige 66, Y.A. Kurochkin 91, R. Kurumida 66, V. Kus 126, E.S. Kuwertz 148, M. Kuze 158, J. Kvita 114, 
A. La Rosa 49, L. La Rotonda 37a,37b, C. Lacasta 168, F. Lacava 133a,133b, J. Lacey 29, H. Lacker 16, D. Lacour 79, 
V.R. Lacuesta 168, E. Ladygin 64, R. Lafaye 5, B. Laforge 79, T. Lagouri 177, S. Lai 48, H. Laier 58a, 
L. Lambourne 77, S. Lammers 60, C.L. Lampen 7, W. Lampl 7, E. Lançon 137, U. Landgraf 48, M.P.J. Landon 75, 
V.S. Lang 58a, A.J. Lankford 164, F. Lanni 25, K. Lantzsch 30, S. Laplace 79, C. Lapoire 21, J.F. Laporte 137, 
T. Lari 90a, M. Lassnig 30, P. Laurelli 47, W. Lavrijsen 15, A.T. Law 138, P. Laycock 73, O. Le Dortz 79, 
E. Le Guirriec 84, E. Le Menedeu 12, T. LeCompte 6, F. Ledroit-Guillon 55, C.A. Lee 152, H. Lee 106, 
J.S.H. Lee 117, S.C. Lee 152, L. Lee 177, G. Lefebvre 79, M. Lefebvre 170, F. Legger 99, C. Leggett 15, A. Lehan 73, 
M. Lehmacher 21, G. Lehmann Miotto 30, X. Lei 7, W.A. Leight 29, A. Leisos 155,w, A.G. Leister 177, 
M.A.L. Leite 24d, R. Leitner 128, D. Lellouch 173, B. Lemmer 54, K.J.C. Leney 77, T. Lenz 21, B. Lenzi 30, 
R. Leone 7, S. Leone 123a,123b, K. Leonhardt 44, C. Leonidopoulos 46, S. Leontsinis 10, C. Leroy 94, 
C.G. Lester 28, C.M. Lester 121, M. Levchenko 122, J. Levêque 5, D. Levin 88, L.J. Levinson 173, M. Levy 18, 
A. Lewis 119, G.H. Lewis 109, A.M. Leyko 21, M. Leyton 41, B. Li 33b,x, B. Li 84, H. Li 149, H.L. Li 31, L. Li 45, 
L. Li 33e, S. Li 45, Y. Li 33c,y, Z. Liang 138, H. Liao 34, B. Liberti 134a, P. Lichard 30, K. Lie 166, J. Liebal 21, 
W. Liebig 14, C. Limbach 21, A. Limosani 87, S.C. Lin 152,z, T.H. Lin 82, F. Linde 106, B.E. Lindquist 149, 
J.T. Linnemann 89, E. Lipeles 121, A. Lipniacka 14, M. Lisovyi 42, T.M. Liss 166, D. Lissauer 25, A. Lister 169, 
A.M. Litke 138, B. Liu 152,aa, D. Liu 152, J.B. Liu 33b, K. Liu 33b,ab, L. Liu 88, M. Liu 45, M. Liu 33b, Y. Liu 33b, 
M. Livan 120a,120b, S.S.A. Livermore 119, A. Lleres 55, J. Llorente Merino 81, S.L. Lloyd 75, F. Lo Sterzo 152, 
E. Lobodzinska 42, P. Loch 7, W.S. Lockman 138, F.K. Loebinger 83, A.E. Loevschall-Jensen 36, A. Loginov 177, 
T. Lohse 16, K. Lohwasser 42, M. Lokajicek 126, V.P. Lombardo 5, B.A. Long 22, J.D. Long 88, R.E. Long 71, 
L. Lopes 125a, D. Lopez Mateos 57, B. Lopez Paredes 140, I. Lopez Paz 12, J. Lorenz 99, 
N. Lorenzo Martinez 60, M. Losada 163, P. Loscutoff 15, X. Lou 41, A. Lounis 116, J. Love 6, P.A. Love 71, 
A.J. Lowe 144,f , N. Lu 88, H.J. Lubatti 139, C. Luci 133a,133b, A. Lucotte 55, F. Luehring 60, W. Lukas 61, 
L. Luminari 133a, O. Lundberg 147a,147b, B. Lund-Jensen 148, M. Lungwitz 82, D. Lynn 25, R. Lysak 126, 
E. Lytken 80, H. Ma 25, L.L. Ma 33d, G. Maccarrone 47, A. Macchiolo 100, J. Machado Miguens 125a,125b, 
D. Macina 30, D. Madaffari 84, R. Madar 48, H.J. Maddocks 71, W.F. Mader 44, A. Madsen 167, T. Maeno 25, 
M. Maeno Kataoka 8, E. Magradze 54, K. Mahboubi 48, J. Mahlstedt 106, S. Mahmoud 73, C. Maiani 137, 
C. Maidantchik 24a, A.A. Maier 100, A. Maio 125a,125b,125d, S. Majewski 115, Y. Makida 65, N. Makovec 116, 
P. Mal 137,ac, B. Malaescu 79, Pa. Malecki 39, V.P. Maleev 122, F. Malek 55, U. Mallik 62, D. Malon 6, 
C. Malone 144, S. Maltezos 10, V.M. Malyshev 108, S. Malyukov 30, J. Mamuzic 13, B. Mandelli 30, 
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