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Abstract

The variation of the dijet asymmetry with the angle between the leading jet and the second

order event-plane in Pb+Pb collisions at
√

sNN=2.76 TeV is investigated using the ATLAS

detector at the LHC. This measurement is extended by constraining the shape of the collision

geometry by selecting events based on the magnitude of the second-order flow harmonic.

These measurements study the path-length dependence of the dijet asymmetry by requiring

the jet pair to traverse different lengths of the medium. A weak dependence of the asymmetry

on the angle between the leading jet and the second order event-plane is observed. The

asymmetry is systematically larger out-of-plane, where jets traverse on average, a longer

path-length in the medium than in-plane, where the path-length is shorter. These results can

shed light on the energy-loss mechanism, in which hard-scattered partons lose energy while

traversing the hot and dense medium produced in heavy ion collisions.
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.



1. Introduction

Two of the most interesting phenomena observed in relativistic heavy ion collisions are the large aniso-

tropies in the distribution of particles in the plane transverse to the beam axis, and the suppression in the

yields of particles having large transverse momentum (pT). The first phenomenon, often termed “flow”

[1–4], is generated by collective behavior of the produced medium, which is well described by relativistic

hydrodynamics [5, 6]. The second phenomenon, called “jet-quenching”, is due to energy loss by the

hard-scattered partons produced in the initial stage of the collision as they traverse the medium and are

“quenched” [7–11].

The flow measurements are quantified by expanding the azimuthal angle distribution of the produced

particles as a Fourier series [12, 13]:

dN

dφ
= N0

(

1 + Σ∞n=1vn cos(n(φ − Φn ))
)

, (1)

where φ is the azimuthal angle of the particle momentum, and vn and Φn are the magnitude and phase

of the nth order anisotropy, respectively. The vn are functions of pT, pseudorapidity (η), particle species

and the collision centrality. They are called flow harmonics and the Φn are called event-plane (EP)

angles. These harmonics are directly related to the spatial asymmetry of the collision geometry, which is

quantified by the moments of eccentricity ǫn[14, 15]:

ǫn =

√

〈rn cos(nφ)〉2 + 〈rn sin(nφ)〉2
rn

, (2)

nΦ∗n = tan−1(〈rn sin(nφ)〉, 〈rn cos(nφ)〉) + π, (3)

where r and φ indicate the position of the participating nucleons with respect to the center of mass of the

participants and the angular brackets denote averaging over all participants. The Φ∗n represent the minor

axes of the ǫn , the directions of the strongest pressure gradients. Thus, the final particle yields, which

are driven by the pressure gradients, are expected to be larger along these directions. For the lower order

harmonics (n=2,3), the vn are expected to be proportional to the ǫn [16, 17]:

v2ei2Φ2 ∝ ǫ2ei2Φ
∗
2,

v3ei3Φ3 ∝ ǫ3ei3Φ
∗
3 . (4)

Thus, the v2 and v3 in an event are a direct measure of the shape of the collision geometry for that event.

The jet-quenching measurements are typically studied as the ratio of high-pT particle yields with respect

to the binary-collision scaled pp baseline (RAA) [10, 11, 18]. The ATLAS collaboration has introduced

an alternative jet-quenching observable called the dijet asymmetry [8], defined as :

AJ =
Elead

T − Esublead
T

Elead
T
+ Esublead

T

, (5)

where Elead
T is the transverse energy of the leading (highest ET) jet in the event and Esublead

T is the transverse

energy of the highest ET jet in the opposite hemisphere, defined as |∆φ| > π/2, where ∆φ is the azimuthal

angle difference between the jets. The AJ is a measure of the ET imbalance between the two highest ET

jets in an event. ATLAS measurements have shown a significant enhancement of the asymmetry in central

lead-lead collisions as compared to that in peripheral collisions [8, 19].
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While flow and jet-quenching have been studied extensively, there have been few studies of the interplay

between these "soft" and "hard" aspects of heavy-ion collisions. One such study is the measurement of the

jet-v2 by ATLAS [20], where the dependence of the jet yields was studied with respect to the second-order

event-plane angle. A significant v
jet

2
of 2-5% was observed even at very large jet pT. This v

jet

2
is a measure

of the differential energy loss suffered by hard partons as they traverse different path-lengths of the medium

in events characterized by the same collision centrality.

Motivated by the v
jet

2
measurements, a similar analysis is performed in this note for the dijet asymmetry.

The asymmetry is studied for different angles that the leading-jet makes with respect to the second-

order EP-angle. The strength of this dependence is quantified by fitting the EP-angle dependence of the

event-averaged dijet-asymmetry, 〈AJ〉, to a second-order harmonic of the form:

〈AJ〉 = A0
J

(

1 + 2c2 cos(2(φlead − Φ2))
)

, (6)

where φlead is the azimuthal angle of the leading jet in the dijet pair andΦ2 is the second-order event-plane

angle. The coefficient of the second-order harmonic, c2, quantifies the EP-angle dependence of the dijet

asymmetry. The c2 measurement is further extended by studying the dependence of AJ within the same

centrality class, but varying ǫ2 of the collision geometry. This is done by measuring the AJ in events

within the same centrality class but with different values of the soft-particle v2. From Eq. 4 it is seen that

binning on the soft-particle v2 corresponds to selecting on the ǫ2 of the event. Such event-shape selection

has been used extensively in a prior ATLAS publication [21].

The large variation observed in the AJ distributions from central to mid-central collisions [8, 19] indicates

considerable dependence of the AJ on the system size. Glauber-model calculations show that, even in

central heavy ion collisions, the ǫ2 can be quite large [14]. This implies a considerable change in the

system size from the in-plane to the out-of-plane directions. The difference between the in-plane and

out-of-plane dimensions can be even larger in mid-central collisions, which can have larger eccentricities

than central collisions. This would suggest that there would be some variation of the AJ distributions

when the leading jet is in-plane as compared to when it is out-of-plane.

2. ATLAS detector and trigger

The measurements presented here were performed with the ATLAS calorimeter, inner detector, trigger, and

data acquisition systems1 [22]. The calorimeter system consists of a liquid argon (LAr) electromagnetic

(EM) calorimeter (|η | <3.2), a steel/scintillator sampling hadronic calorimeter (|η |<1.7), a LAr hadronic

calorimeter (1.5<|η |<3.2), and a forward calorimeter (FCal) (3.2<|η |<4.9). Charged-particle tracks were

measured over the range |η |<2.5 using the inner detector [23], which is composed of silicon pixel detectors

in the innermost layers, followed by silicon microstrip detectors and a straw-tube transition-radiation tracker

(|η |<2.0), all immersed in a 2T axial magnetic field. The zero-degree calorimeters (ZDCs) are located

symmetrically at z=±140 m and cover |η |>8.3. A ZDC coincidence trigger was defined by requiring a

signal consistent with one or more neutrons in each of the calorimeters.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the center 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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Pb+Pb collisions corresponding to a total integrated luminosity of 0.14 nb−1 were analyzed. The events

were recorded using either a minimum-bias trigger, formed from the logical OR of triggers based on a

ZDC coincidence or the total transverse energy in the event, or a jet trigger implemented using the Pb+Pb

jet reconstruction algorithm [10]. The events selected by the jet trigger have at least one jet with transverse

energy ET>20 GeV. Event selection and background rejection criteria were applied as described in [2],

yielding 53 million and 14 million events in the minimum-bias and jet-triggered samples, respectively.

The centrality of Pb+Pb collisions was characterized by ΣEFCal
T

, the total transverse energy measured in the

FCal [2]. The results reported here were obtained using the following centrality intervals defined according

to successive percentiles of the ΣEFCal
T

distribution ordered from the most central (highest ΣEFCal
T

) to the

most peripheral collisions: (0-10)%, (10-20)%, (20-30)%, (30-40)%, (40-60)%, and (60-80)%. The

percentiles were defined after correcting the ΣEFCal
T

distribution for an estimated 2% minimum-bias trigger

inefficiency.

3. Methodology

3.1. Event-plane and event-geometry determination

The second-order event-plane angle and the ellipticity of the events are determined event-by-event by the

“second-order flow vector” or “q2-vector” calculated from the transverse energy (ET) deposited in the

FCal [24, 25]:

qobs
2,x =

ΣET, i cos(2φi ) − 〈ΣET, i cos(2φi )〉evts

ΣET, i

, (7)

qobs
2,y =

ΣET, i sin(2φi ) − 〈ΣET, i sin(2φi )〉evts

ΣET, i

, (8)

qobs
2 =

√

(qobs
2,x

)2
+ (qobs

2,y
)2, (9)

where the sum is taken over all the calorimeter towers in the FCal, φi denotes the azimuthal angle and

ET, i is the transverse energy deposited in the ith tower. The event-averaged terms 〈ΣET cos(2φi )〉evts and

〈ΣET sin(2φi )〉evts are subtracted in order to remove detector effects [26]. The qobs
2

is the “observed”

ET-weighted v2 in the event. The “observed” here indicates that since the qobs
2

is estimated using only

the finite number of particles that are in the FCal acceptance, it will fluctuate around the true q2 (denoted

qtrue
2

).

The event geometry classes for a given centrality interval are made by partitioning the FCal qobs
2

distri-

butions into classes containing certain fractions of events. For convenience these are denoted as q2-bins.

Since the qobs
2

distributions change with centrality, the partitioning into q2-bins is done in 1%-wide central-

ity classes, which are then combined to form the q2-bins for the wider centrality intervals. This procedure

is identical to what was done in a prior ATLAS publication [21]. This analysis uses five q2-bins, each

containing a fraction of 0.2 events. The 0.0-0.2 q2-bin corresponds to 20% of events with the largest qobs
2

,

i.e. large event ellipticity, while the 0.8-1.0 q2-bin contains 20% of events with the smallest qobs
2

, i.e. small

event ellipticity. In order to gain statistics, some of the results are also presented in 0.5-wide q2-bins.

From the qobs
2

-vectors, the second-order EP angle is determined as:

tan(2Ψ2) =
qobs

2,y

qobs
2,x

. (10)
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The finite-number effect that leads to qobs
2

being smeared about qtrue
2

, also causes the measured second-

order EP angle (Ψ2) to differ from the “true” second-order EP angle (denoted Φ2). This requires that the

value of the observed c2 must be corrected by the so-called EP resolution factor [25]:

c2 =
cobs

2

Res{2Ψ2}
, Res{2Ψ2} = 〈cos(2(Ψ2 − Φ2))〉evts, (11)

where cobs
2

is the “observed” c2, calculated from the modulation of the 〈AJ〉 distribution:

〈AJ〉 = A0
J

(

1 + 2cobs
2 cos(2(φlead − Ψ2))

)

, (12)

and has to be corrected by the EP resolution, Res{2Ψ2}. The sub-event method [25], which has been

used in several prior ATLAS analyses, is used to determine the Res{2Ψ2} for the FCal [2, 4, 24]. The EP

resolution for the FCal varies between 0.5 and 0.9 for the centrality classes used in this analysis [4].

For clarity, in the remainder of this note qobs
2

is simply called q2.

3.2. Jet reconstruction

The procedures for jet reconstruction and subtraction of the underlying event are the same as those

used in Ref. [10]. They are briefly summarized here. The anti-kt algorithm, with radius parameter

R=0.2, 0.3 and 0.4, was applied to calorimeter towers with segmentation of 0.1×0.1 in ∆η × ∆φ. A

two-step iterative procedure was used to obtain an event-by-event estimate of the average η-dependent

underlying event (UE) energy density while excluding actual jets from the estimate. The jet kinematics

were obtained by subtracting the UE energy from the towers within the jet. This subtraction accounts for

elliptic flow by modulating the average background density by the magnitude of the elliptic flow measured

by the calorimeter, v
calo
2

, over the interval |η |<3.2 and excluding regions containing jets. Following

reconstruction, the jet energies were corrected to account for the calorimeter energy response using an η-

and ET-dependent multiplicative factor that was derived from the MC simulation [27]. In addition to the

calorimeter jets, “track jets” were reconstructed by applying the anti-kt algorithm with the radius parameter

of R=0.4 to charged particles with pT>4 GeV. The pT of the track jets, p
trkjet

T
, is largely unaffected by the

UE due to the pT > 4 GeV requirement. To exclude the contribution to the jet yield from UE fluctuations of

soft particles falsely identified as calorimeter jets (“fake jets”), the jets used in this analysis were required

to be within ∆R=
√

(∆η)2
+ (∆φ)2 < 0.2 of a track jet with p

trkjet

T
> 10 GeV or an EM cluster [28] with

pT>9 GeV. 2

The performance of the jet reconstruction was evaluated using the GEANT4-simulated detector response

[29, 30] in a Monte Carlo (MC) sample of pp hard-scattering events at
√

sNN = 2.76 TeV. The events

were produced with the PYTHIA event generator [31] version 6.423 using the AUET2B tune [32] and

overlaid on minimum-bias Pb+Pb collisions recorded by ATLAS. Through this embedding procedure, the

MC sample contains an UE contribution that is identical in all respects to the data, including azimuthal

modulation of the UE due to collective flow. Jets reconstructed in the MC events, using the same algorithms

as applied to data, were compared to generator-level jets reconstructed from final-state hadrons, to obtain

the jet energy-scale corrections.

Following Ref. [8], the ET thresholds for the AJ measurements in this study are Elead
T >100 GeV and

Esublead
T >25 GeV. Both jets are required to have |η |<2.1. The leading jet in an event (for a particular value

2 This differs from the requirement used in Ref. [10], where the minimum pT was 7 GeV for both track jets and EM clusters.
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of R) is defined as the jet with the largest ET. The sub-leading jet is the jet with the largest ET that is

located in the opposite hemisphere from the leading jet (|φlead − φsublead | > π/2).

3.3. MC correction for c2

Due to jet-energy resolution effects that smear the reconstructed ET of the leading and sub-leading jets

about their true values, the reconstructed AJ distributions differ from the true AJ distributions. The c2

values obtained using the reconstructed AJ distributions are corrected to account for this effect. The

correction factors that relate the reconstructed c2 (creco
2

) to the true c2 (ctruth
2

) are derived using MC

simulations of the ATLAS detector. The MC events consist of PYTHIA-generated pp events overlayed

on to Pb+Pb minimum-bias events (Sec. 3.2). The PYTHIA overlay is done irrespective of the EP angle,

and thus has ctruth
2
≈0. In order to implement a non-zero ctruth

2
, the Atruth

J distributions are modified by

implementing weights that are dependent on 2|φlead −Ψ2 |, which give larger asymmetry when the leading

jet is produced out-of-plane than in-plane. For several choices of ctruth
2

, in the range (-0.06,0.04), the

creco
2

are determined. The correlations between the ctruth
2

and creco
2

, which are well described by linear

fits, are used to correct the c2 measured in the data. The slopes from the fits are used as multiplicative

correction factors. The intercepts, which are of the order ~0.001, are used as additional offset corrections.

The values of the correction factors depend on the exact shape of the original EP-independent Atruth
J

distribution, on which the EP-angle dependence is imposed. The correction factors are obtained by using

Atruth
J distributions that match the measured AJ distributions. These correction factors are used to obtain

the final c2 values. An alternate set of correction factors is obtained by using the AJ distributions intrinsic

to the PYTHIA tune as Atruth
J . The difference between two sets of correction factors is assigned as the

systematic uncertainty on the correction factors and used to estimate the systematic uncertainty on c2.

The correction factors and associated systematic uncertainties are evaluated for each centrality class and for

the three different jet radii. Table 1 lists the mean values of the correction factors (averaged over centrality)

for reference. The correction factors show only a weak dependence on centrality for the R=0.2 and 0.3

jets (~5%). The centrality dependence for the R=0.4 jets is relatively stronger (~20%). The centrality

dependence of the correction factors is taken into account by applying them bin by bin in centrality.

jet-radius parameter 0.2 0.3 0.4

Multiplicative correction factor 1.36±0.04 1.42±0.05 1.50±0.05

Systematic uncertainty in % 13.3 14.3 16.8

Table 1: The centrality-averaged correction factors, which relate creco
2

to ctruth
2

, and their systematic uncertainties.

4. Systematic uncertainties

The systematic uncertainties in this analysis can be broadly categorized into two classes: uncertainties

on the observed cobs
2

, and uncertainties on the corrections, namely the EP-resolution and the MC-derived

corrections. One of the sources of uncertainty on the cobs
2

arises from systematic variations that are seen

when checking the sensitivity of the cobs
2

to the tail of the AJ distribution. This analysis requires that the

sub-leading jet has an ET>25 GeV, which introduces an artificial soft cutoff on the maximum AJ. The

influence of this cut is tested by restricting the analysis to AJ < 0.6 and AJ < 0.55 and re-evaluating the

cobs
2

. A second source of systematic uncertainty arises from the criteria used to remove fake jets. As
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described in Sec. 3.2, the UE fluctuations mis-reconstructed as jets, are rejected as fake-jets if they are not

associated, within ∆R=
√

(∆η)2
+ (∆φ)2 < 0.2, with a track jet with p

trkjet

T
> 10 GeV, or with an EM cluster

with pT > 9 GeV. However this requirement can also reject real jets. The difference between the cobs
2

obtained with and without applying the fake-jet rejection procedure is taken as a systematic uncertainty.

Table 2 summarizes the systematic uncertainties on c2. The last three columns list the absolute uncertainties

on cobs
2

. These uncertainties are conservatively taken to be independent of the centrality and the jet-radius

parameter. The uncertainties related to the MC-derived correction factors are relative uncertainties and

depend on the actual value of the reconstructed c2. These are assigned as the difference between c2

values obtained with the two sets of MC-derived correction factors for each centrality interval and jet-

radius parameter (see Sec. 3.3). Apart from these, there is an additional uncertainty on the EP-resolution

correction, which is also a fractional uncertainty. It is 4.5% in (0-10)% central collisions, then decreases

to 1.1% in the (20-30)% centrality class and rises back to 4.5% in the (60-80)% centrality class [4]. The

leading source of systematic uncertainty in this measurement is the absolute errors on cobs
2

.

Jet-radius parameter
Uncertainty on the MC cobs

2
syst Error

correction factors [%] AJ<0.6 (0.55) Fake rejection Total

0.2 (15-10) 0.003 0.003 0.0042

0.3 (20-10) 0.003 0.003 0.0042

0.4 (30-10) 0.003 0.003 0.0042

Table 2: Systematic uncertainties on c2 for R=0.2, 0.3 and 0.4 jets. The second column lists the uncertainties on the

MC-derived correction factors expressed in percent, as ranges of the form (X-Y ), where X% is the uncertainty in the

(0-10)% centrality class and Y% is the uncertainty in the (60-80)% centrality class. The systematic uncertainties on

cobs
2

are given as absolute errors. The total systematic uncertainty on cobs
2

represents the sum of the two uncertainties

added in quadrature.

5. Results

Figure 1 shows the AJ distributions in three different centrality intervals for R=0.2 jets. Within each panel,

the two sets of points correspond to two wide q2-bins, each containing 50% of events with largest (more

elliptic collision geometry) and smallest (less elliptic collision geometry) q2 values. No clear qualitative

difference is seen between the two cases. This dependence on the q2 selection is further studied by plotting

the 〈AJ〉 for five 0.2-wide q2-bins as shown in Fig. 2 for the same three centrality intervals,. No clear

systematic variation of the 〈AJ〉 with the q2-bin is observed. To quantify the q2 independence, the 〈AJ〉
values are fitted with constant values and the χ2 of the fits are extracted. These are listed in Table 3 for

all centralities and jet-radius parameters used in this analysis. It is seen that the constant fit describes the

data quite well in almost all cases, indicating no systematic dependence of 〈AJ〉 on q2.

The dependence of the AJ on the angle between the leading jet and the second order EP-angle is also

studied. Events are selected with the leading jet emitted in one of two different angular intervals with

respect to the Ψ2 plane. The AJ distributions for these events are shown in Fig. 3 for R=0.2 jets. No

clear difference is visible between the shapes of the distributions measured for events with the leading jet

produced in-plane (2|φlead − Ψ2 |<π/4) and when the leading jet is out-of-plane (2|φlead − Ψ2 |>3π/4). In

order to quantify the change in the asymmetry, the 〈AJ〉 is evaluated as a function of 2|φlead −Ψ2 |. This is

shown in the bottom panels of Fig. 3 together with fits to a c2-modulated signal of the form given in Eq. 12.

The cobs
2

extracted from the fits is small (<0.02). However, it is consistently negative, i.e. the asymmetry is
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Figure 1: The AJ distributions for R=0.2 jets. Each panel represents a different centrality interval and shows the AJ
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represent statistical uncertainties only.

0
.8

­1
.0

0
.6

­0
.8

0
.4

­0
.6

0
.2

­0
.4

0
.0

­0
.2

〉 J
 A〈

0.29

0.295

0.3
Centrality (0­10)%

ATLAS Preliminary

=2.76 TeV
NN

sPb+Pb 

R=0.2

­bin
2

q

0
.8

­1
.0

0
.6

­0
.8

0
.4

­0
.6

0
.2

­0
.4

0
.0

­0
.2

0.28

0.29

0.3

Centrality (10­20)%

0
.8

­1
.0

0
.6

­0
.8

0
.4

­0
.6

0
.2

­0
.4

0
.0

­0
.2

0.27

0.28

0.29

Centrality (20­30)%

Figure 2: The AJ plotted as a function of q2-bin (with q2 increasing from left to right) for R=0.2 jets and for three

centrality intervals. The error-bars represent statistical uncertainties only. Horizontal lines denote fits to a constant.

Centrality
χ2/ndf

R=0.2 R=0.3 R=0.4

(0-10)% 0.57 0.27 0.46

(10-20)% 3.34 1.09 1.05

(20-30)% 1.04 0.52 0.74

(30-40)% 0.14 0.12 0.33

(40-60)% 0.92 0.63 0.36

(60-80)% 0.88 1.44 1.27

Table 3: The χ2/ndf for constant fits to the 〈AJ〉 vs q2-bin for R=0.2, 0.3 and 0.4 jets for six different centrality

intervals.
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Figure 3: (top) The AJ distributions for R=0.2 jets in three centrality intervals. In each plot, the distributions for two

windows in 2|φlead − Ψ2 | are shown. The error-bars represent statistical uncertainties only. (bottom) The 〈AJ〉 as a

function of 2|φlead −Ψ2 | together with fits to the second order harmonic term (see Eq. 12). The error-bars represent

statistical uncertainties only. The fitted cobs
2

parameters are also indicated.

larger, though only slightly, when the leading jet is out-of-plane than when the jet is in-plane. This can be

attributed to the longer, on average, path length out-of-plane than in-plane, leading to larger asymmetries

in the out-of-plane direction. Figure 4 shows the cobs
2

as a function of centrality for the three different jet

radii. Negative cobs
2

values are systematically seen for R=0.3 and 0.4 jets as well. The absolute magnitude

of the cobs
2

increases from central to mid-central events and then decreases for the (60-80)% centrality

interval.

Since the q2 is strongly correlated with the ellipticity of the collision geometry, it is expected that AJ

should have stronger dependence on the |φlead − Ψ2 | for events with larger q2. In each centrality interval

the dependence of 〈AJ〉 on the EP-angle is evaluated for 50% of events with largest q2. The resulting cobs
2

for R=0.2, 0.3 and 0.4 jets are shown in Fig. 5 as a function of the collision centrality. For comparison,

the results for the 50% of events with the smallest q2 as well as for events without any selection on q2

(inclusive q2) are also shown. For all jet-radius parameters, a clear increase of |cobs
2

| for events with large

q2 is seen only in the (20-30)% and (30-40)% centrality intervals. In the other centrality intervals, the

statistical errors are too large to make any definite conclusions.

Figure 6 shows the final c2 values after correcting for the EP-resolution as well as for the MC correction

9



20 40 60 80

o
b

s
2

c

0.01−

0

R=0.2

ATLAS Preliminary

=2.76 TeV
NN

sPb+Pb 

Centrality [%]
20 40 60 80

0.01

0

R=0.3

20 40 60 80

0.01

0

R=0.4

Figure 4: The cobs
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2

for R=0.2, 0.3 and 0.4 jets as a function of centrality with additional selections on the event-shape

(q2): inclusive events (filled circles), 50% of events with lowest q2 (open circles) and 50% of events with largest q2

(squares). The errors are fit errors accounting only for statistical uncertainties.
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Figure 6: The c2 corrected for the EP-resolution and MC-derived correction factors as a function of centrality. The

vertical grey bands indicate systematic uncertainties and the vertical bars indicate statistical errors. The shaded

bands indicate the statistical and systematic uncertainties added in quadrature. The three panels correspond to three

jet-radius parameters, as indicated in the plots. Lines show fits to the constant function. The fitted 〈c2〉, averaged

over centrality, is also given.

factors. It is seen that the corrected c2 increases in absolute magnitude from central to mid-central events.

The maximum |c2 | is observed in the (40-60)% centrality interval and is of the order of 0.02. The

horizontal line is a fit to a constant function to determine the mean value of the c2 averaged over centrality.

The mean value and its error obtained from the fits is given on the plots. It is seen that the centrality

averaged c2 signal is significantly negative.

6. Summary

In this analysis, the dependence of the dijet asymmetry on the angle between the leading jet and the

second-order EP-angle is studied. The measurements are performed for anti-kt jets of R=0.2, 0.3 and 0.4.

The dependence of the 〈AJ〉 on the EP-angle is quantified by calculating the second Fourier coefficient of

the 〈AJ〉 azimuthal distribution, termed c2. The magnitude of the measured c2 signal is quite small (≤ 2%).

However, it is consistently negative, indicating a slightly larger asymmetry when the dijet pair is oriented

out-of-plane than in-plane. Within a given centrality interval, events with large q2, i.e. events with a

more elliptic geometry, show an increase in the cobs
2

for the (20-30)% and (30-40)% centrality intervals.

In other centrality intervals, the statistical precision of the results, obtained with additional selection on

q2, is insufficient to conclude the observation of systematic dependence of 〈AJ 〉 on the EP-angle. The

weak c2 signal in the dijet asymmetry, reported here, together with the significant single jet v2 [20], and

the study of correlated jet production [33] can provide strong constraints on the energy loss mechanism

of hard-scattered partons traversing the medium produced in heavy ion collisions.
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Auxiliary material

A. In-plane and out-of-plane system size
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Figure 7: Left Panel: The AJ distributions for two different centrality intervals showing the clear change in the

distributions with changing system size. Right Panel: The 〈AJ〉 for the different centrality intervals. The x-axis

range of the arrows indicate the mean system size along the in-plane (at the lower end) and out-of-plane (higher

end) directions for the different centrality intervals. These are calculated in a simple geometric picture, in which

the colliding nucleons are treated as disks in the transverse plane. The mean in-plane and out-of plane sizes are

obtained as 2RPb − 〈bimp〉 and

√

4R2
Pb
− 〈bimp〉2 respectively, where RPb is the radius of the Pb nucleus (7.4 fm) and

〈bimp〉 is the mean impact parameter for the given centrality interval. .

The mean impact parameters 〈bimp〉 for different centralities calculated in the MC Glauber-model [34] are

given in Table 4. In a crude geometric picture, where the colliding nucleons are treated as disks in the

transverse plane, the mean in-plane and out-of plane sizes can be obtained as 2R−bimp and

√

4R2 − (bimp)2

respectively, where R is the radius of the Pb nucleus (7.4 fm). Table 4 also lists the mean in-plane and

out-of plane system sizes calculated using the above formulae.

Centrality (0-10)% (10-20)% (20-30)% (30-40)% (40-60)% (60-80)%

〈bimp〉 [fm] 3.29 6.02 7.77 9.21 11.02 13.05

〈In − plane size〉 [fm] 11.51 8.78 7.03 5.59 3.78 1.75

〈Out − of − plane size〉 [fm] 14.43 13.52 12.59 11.59 9.78 6.98

Table 4: The mean impact-parameter (〈bimp〉), in-plane and out-of-plane system sizes for various centrality classes

calculated in the MC Glauber model.
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B. Auxiliary Plots

B.1. Event-shape selection
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Figure 8: The distributions of magnitude of flow vector q2 calculated in the FCal via Eq. 9 in two narrow centrality

ranges: 0-1% (left) and 25-26% (right). Only minimum-bias events are used to make these plots. The vertical lines

indicate the boundary of the q2 ranges each containing 20% of events.
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Figure 9: The distributions of magnitude of flow vector q2 calculated in the FCal via Eq. 9 in two narrow centrality

ranges: 0-1% (left) and 25-26% (right). The plots are made for the jet-triggered events, however the bin-edges

are determined from the min-bias events of Fig. 8. The vertical lines indicate the boundary of the q2 ranges each

containing 20% of events.

16



B.2. q2 dependence

J
) 

d
N

/d
A

le
a

d
(1

/N

0.5

1

1.5

2

2.5

Centrality (0­10)%

ATLAS Preliminary

=2.76 TeV
NN

sPb+Pb 

R=0.2

J
A

0 0.2 0.4 0.6 0.8

J
) 

d
N

/d
A

le
a
d

(1
/N

0.5

1

1.5

2

2.5

Centrality (30­40)%

0.5

1

1.5

2

2.5
2

Small q

2
Large q

Centrality (10­20)%

JA

0 0.2 0.4 0.6 0.8

0.5

1

1.5

2

2.5

Centrality (40­60)%

0.5

1

1.5

2

2.5

Centrality (20­30)%

JA

0 0.2 0.4 0.6 0.8

0.5

1

1.5

2

2.5

Centrality (60­80)%

Figure 10: The AJ distributions for R=0.2 jets. Each panel represents a different centrality interval and shows the AJ

distributions for 50% of events with largest q2 (squares) and 50% of events with smallest q2 (circles). The error-bars

represent statistical uncertainties only.
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Figure 11: The AJ plotted as a function of q2-bin (with q2 increasing from left to right) for R=0.2 jets and for six

centrality intervals. Horizontal lines denote fits to a constant. The error-bars represent statistical uncertainties only.
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Figure 13: The AJ plotted as a function of q2-bin (with q2 increasing from left to right) for R=0.3 jets and for six

centrality intervals. Horizontal lines denote fits to a constant. The error-bars represent statistical uncertainties only.
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Figure 14: The AJ distributions for R=0.4 jets. Each panel represents a different centrality interval and shows the AJ

distributions for 50% of events with largest q2 (squares) and 50% of events with smallest q2 (circles). The error-bars

represent statistical uncertainties only.
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Figure 15: The AJ plotted as a function of q2-bin (with q2 increasing from left to right) for R=0.2 jets and for six

centrality intervals. Horizontal lines denote fits to a constant. The error-bars represent statistical uncertainties only.
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Figure 16: The AJ distributions for R=0.2 jets in six different centrality intervals. In each plot, the distributions for

two windows in 2|φlead − Ψ2 | are shown. The error-bars represent statistical uncertainties only.
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Figure 17: The 〈AJ〉 as a function of 2|φlead −Ψ2 | together with fits to a second order harmonic term for R=0.2 jets.

Each panel represents a different centrality interval. The errors are statistical only. The fitted cobs
2

parameters are

also indicated.
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Figure 18: The AJ distributions for R=0.3 jets in six different centrality intervals. In each plot, the distributions for

two windows in 2|φlead − Ψ2 | are shown. The error-bars represent statistical uncertainties only.
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Figure 19: The 〈AJ〉 as a function of 2|φlead −Ψ2 | together with fits to a second order harmonic term for R=0.3 jets.

Each panel represents a different centrality interval. The errors are statistical only. The fitted cobs
2

parameters are

also indicated.
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Figure 20: The AJ distributions for R=0.4 jets in six different centrality intervals. In each plot, the distributions for

two windows in 2|φlead − Ψ2 | are shown. The error-bars represent statistical uncertainties only.
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Figure 21: The 〈AJ〉 as a function of 2|φlead −Ψ2 | together with fits to a second order harmonic term for R=0.4 jets.

Each panel represents a different centrality interval. The errors are statistical only. The fitted cobs
2

parameters are

also indicated.
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