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Theoretical expectations prior to LHC HI data: 
modified jet shape

Substantially expanded jet 
cone with diffuse edge

Jet suppression depends critically on cone size Broadened distribution of 
transverse momentum within jet

(however, note Zapp et al., arXiv:0805.4759v2 [hep-ph])

Figure 1: Results from calculation by Vitev, Zhang, and Wicks [5] of the suppression of jet spectrum in

Pb+Pb collisions at an impact parameter value, b = 3 fm, due to medium-induced radiative energy loss

as a function of jet ET for different jet radii (Rmax
). The parameter ωmin

is the minimum gluon frequency

included in the analysis; no minimum is imposed for the results in the figure.

accuracy, that hard scattering processes occur in Pb+Pb collisions at a rate correctly described by Ncoll.

Given this, modifications of the jet production rate due to (e.g.) quenching could be observed via the

quantity RAA defined experimentally as

RAA =
1

Ncoll

E d
3NA−A

dp3

E d3Np−p

dp3

, (1)

with E d
3N/dp3

the invariant differential cross-section for jet production in the given colliding system.

Since ATLAS has not yet completed p+p measurements of jet spectra at
√

s = 2.76 TeV, we cannot

yet measure RAA. However, jet quenching effects are expected to be minimal in “peripheral” collisions

in which there is only a small overlap between the incoming nuclei and therefore only a small volume of

hot medium created. Such peripheral collisions can provide a baseline for the jet spectrum at 2.76 TeV

against which the jet yield in more “central” collisions can be compared. For this purpose, we define the

analog of RAA the “central to peripheral” ratio, RCP

RCP =

1

Ncoll
cent E d

3Ncent

dp3

1

Ncoll
periph

E d3Nperiph

dp3

, (2)

where Ncent
represents the yield in a given centrality bin and Nperiph

represents the yield in the reference

peripheral centrality bin.

2

Vitev, Wicks, Zhang, JHEP 0811 (2008) 093

Figure 3: Comparison of vacuum and medium-modified distributions of radiated gluon momenta trans-
verse to their parent jet axis, jT (labeled kt on the figure) for two different choices of the maximum
angle, θc of gluons relative to the jet axis and two different choices of medium parameter ω ≡ 1

2 q̂L2 for
all hadrons (left) and for hadrons above a given energy, Ecut (right)[13]. The quenching is observed to
suppress the low jT components of the jet leading to a broadening of the overall jT distribution.

5

Salgado and Wiedemann, Phys. Rev. Lett. 93 (2004) 042301
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Theoretical expectations prior to LHC HI data:
modified jet fragmentation function
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Figure 2: Results of calculations of medium modified fragmentation functions from Armesto et al. [11].
Top: Medium modified fragmentation functions of 100 GeV jets for three different values of the transport
parameter, q̂, and for two different path lengths of the parent parton in the medium: solid - 2 fm, dashed
- 6 fm. Bottom: ratios of the medium modified fragmentation functions to the vacuum fragmentation
function ( black curve on upper plot).
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Figure 2: Results of calculations of medium modified fragmentation functions from Armesto et al. [11].
Top: Medium modified fragmentation functions of 100 GeV jets for three different values of the transport
parameter, q̂, and for two different path lengths of the parent parton in the medium: solid - 2 fm, dashed
- 6 fm. Bottom: ratios of the medium modified fragmentation functions to the vacuum fragmentation
function ( black curve on upper plot).

4

z=0.5

• Redistribution of high-z component to low z

• Results in strong depletion of higher-z component, 
e.g., factor >2 at z=0.5 for q̂ = 10 GeV 2/fm

Armesto, Salgado, et al, JHEP 0802 (2008) 048

2 fm path length

6 fm path length
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ATLAS Instrumentation

Figure 1. Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in height and
44 m in length. The overall weight of the detector is approximately 7000 tonnes.

is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|! | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |! | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |! | = 4.9.1290

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers. The
muon instrumentation includes, as a key component, trigger chambers with timing resolution of the1295

order of 1.5-4 ns. The muon spectrometer defines the overall dimensions of the ATLAS detector.
The proton-proton interaction rate at the design luminosity of 1034 cm−2s−1 is approximately

1 GHz, while the event data recording, based on technology and resource limitations, is limited to
about 200 Hz. This requires an overall rejection factor of 5×106 against minimum-bias processes
while maintaining maximum efficiency for the new physics. The Level-1 (L1) trigger system uses a1300

subset of the total detector information to make a decision on whether or not to continue processing
an event, reducing the data rate to approximately 75 kHz (limited by the bandwidth of the readout
system, which is upgradeable to 100 kHz). The subsequent two levels, collectively known as the
high-level trigger, are the Level-2 (L2) trigger and the event filter. They provide the reduction to a
final data-taking rate of approximately 200 Hz.1305

Due to budgetary constraints, some detector systems had to be staged. They will be completed
and installed as soon as technically and financially feasible. These include, in particular, a sig-

– 33 –
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Detector component Required resolution ! coverage
Measurement Trigger

Tracking "pT /pT = 0.05% pT ⊕1% ±2.5
EM calorimetry "E/E = 10%/

√
E⊕0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)
barrel and end-cap "E/E = 50%/

√
E⊕3% ±3.2 ±3.2

forward "E/E = 100%/
√
E⊕10% 3.1 < |! | < 4.9 3.1 < |! | < 4.9

Muon spectrometer "pT /pT=10% at pT = 1 TeV ±2.7 ±2.4

Table 1. General performance goals of the ATLAS detector. Note that, for high-pT muons, the muon-
spectrometer performance is independent of the inner-detector system. The units for E and pT are in GeV.

nificant part of the high-level trigger processing farm. The initial input capacity will be limited
to a L1 trigger rate of about 40 kHz. This capacity will be increased as needed to deal with the
LHC luminosity profile during the first years. The ultimate goal is to be able to handle 100 kHz1310

if needed. Some parts of the muon spectrometer are staged, most noticeably part of the precision
chambers in the transition region between the barrel and the end-caps. In addition, some of the
forward shielding elements will be completed later, as the LHC approaches design luminosity.

1.3 Tracking

Approximately 1000 particles will emerge from the collision point every 25 ns within |! | < 2.5,1315

creating a very large track density in the detector. To achieve the momentum and vertex reso-
lution requirements imposed by the benchmark physics processes, high-precision measurements
must be made with fine detector granularity. Pixel and silicon microstrip (SCT) trackers, used in
conjunction with the straw tubes of the Transition Radiation Tracker (TRT), offer these features.

The layout of the Inner Detector (ID) is illustrated in Fig. 2 and detailed in Chapter 4. Its1320

basic parameters are summarised in Table 2 (also see intrinsic accuracies in Table 10). The ID is
immersed in a 2 T magnetic field generated by the central solenoid, which extends over a length of
5.3 m with a diameter of 2.5 m. The precision tracking detectors (pixels and SCT) cover the region
|! | < 2.5. In the barrel region, they are arranged on concentric cylinders around the beam axis
while in the end-cap regions they are located on disks perpendicular to the beam axis. The highest1325

granularity is achieved around the vertex region using silicon pixel detectors. All pixel sensors
are identical and have a minimum pixel size of 50× 400 µm2. The pixel layers are segmented in
R−# and z with typically three pixel layers crossed by each track. The intrinsic accuracies in the
barrel are 10 µm (R− # ) and 115 µm (z) and in the disks are 10 µm (R− # ) and 115 µm (R).
The pixel detector has approximately 80.4 million readout channels. For the SCT, eight strip layers1330

(four space points) are crossed by each track. In the barrel region, this detector uses small-angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer parallel to
the beam direction, measuring R−# . They consist of two 6.4 cm long daisy-chained sensors with
a strip pitch of 80 µm. In the end-cap region, the detectors have a set of strips running radially and
a set of stereo strips at an angle of 40 mrad. The mean pitch of the strips is also approximately1335

80 µm. The intrinsic accuracies per module in the barrel are 17 µm (R−# ) and 580 µm (z) and in
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Figure 3. Cut-away view of the ATLAS calorimeter system.

1.375 < |! |< 2.5, and an inner wheel covering the region 2.5< |! | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete " symmetry without azimuthal cracks. The1385

lead thickness in the absorber plates has been optimised as a function of ! in terms of EM calorime-
ter performance in energy resolution. Over the region devoted to precision physics (|! | < 2.5), the
EM calorimeter is segmented into three longitudinal sections. For the end-cap inner wheel, the
calorimeter is segmented in two longitudinal sections and has a coarser lateral granularity than for
the rest of the acceptance.1390

In the region of |! | < 1.8, a presampler detector is used to correct for the energy lost by
electrons and photons upstream of the calorimeter. The presampler consists of an active LAr layer
of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region.

1.4.2 Hadronic calorimeters

Tile calorimeter The tile calorimeter is placed directly outside the EM calorimeter envelope.1395

Its barrel covers the region |! | < 1.0, and its two extended barrels the range 0.8 < |! | < 1.7. It is
a sampling calorimeter using steel as the absorber and scintillating tiles as the active material. The
barrel and extended barrels are divided azimuthally into 64 modules. Radially, the tile calorimeter
extends from an inner radius of 2.28 m to an outer radius of 4.25 m. It is longitudinally segmented in
three layers approximately 1.5, 4.1 and 1.8 interaction lengths thick for the barrel and 1.5, 2.6, and1400

3.3 # for the extended barrel. The total detector thickness at the outer edge of the tile-instrumented
region is 9.7 # at ! = 0. The tiles are 3 mm thick and the total thickness of the steel plates in
one period is 14 mm. Two sides of the scintillating tiles are read out by wavelength shifting fibres
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in depth, three in the precision-measurement region (0 < |! | < 2.5) and two in the higher-! region
(2.5 < |! | < 3.2) and in the overlap region between the barrel and the EMEC. In the precision-
measurement region, an accurate position measurement is obtained by finely segmenting the first
compartment in ! . The !-direction of photons is determined by the position of the photon cluster3830

in the first and the second compartments. The calorimeter system also has electromagnetic cover-
age at higher ! (3.1 < |! | < 4.9) provided by the FCal. Furthermore in the region (0<|! | < 1.8)
the electromagnetic calorimeters are complemented by presamplers, an instrumented argon layer,
which provides a measurement of the energy lost in front of the electromagnetic calorimeters.

For the outer hadronic calorimeter, the
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Figure 75. Cumulative amount of material, in units
of interaction length, as a function of |! |, in front of
the electromagnetic calorimeters, in the electromag-
netic calorimeters themselves, in each hadronic com-
partment, and the total amount at the end of the active
calorimetry. Also shown for completeness is the total
amount of material in front of the first active layer of
the muon spectrometer (up to |! | < 3.0).

3835

sampling medium consists of scintillator tiles
and the absorber medium is steel. The
tile calorimeter is composed of three parts,
one central barrel and two extended bar-
rels. The choice of this technology pro-3840

vides maximum radial depth for the least cost
for ATLAS. The tile calorimeter covers the
range 0 < |! | < 1.7 (central barrel and
extended barrels). The hadronic calorime-
try is extended to larger pseudorapidities by3845

the HEC, a copper/liquid-argon detector, and
the FCal, a copper-tungsten/liquid-argon de-
tector. The hadronic calorimetry thus reaches
one of its main design goals, namely coverage
over |! | < 4.9.3850

The numbers of radiation and interac-
tion lengths in front of and in the electromag-
netic and hadronic calorimeters are shown in
Figs. 74 and 75.

Section 5.1 describes the LAr cryostats and feed-throughs. Sections 5.2 and 5.3 are devoted3855

to the description of the electromagnetic and hadronic calorimetry, respectively. The instrumention
in the gaps between the cryostats is described in Section 5.4. The front-end readout electronics,
back-end electronics and services are described in Section 5.5. Finally, test-beam measurements
obtained with production modules of the different calorimeters are shown in Section 5.6.

5.1 Cryostats and associated feed-throughs3860

5.1.1 Cryostat description

As mentioned above, the liquid-argon calorimeters are located in three different cryostats. Fig-
ure 3 shows the general features and location of the barrel and end-cap cryostats in the overall
calorimeter system. Each cryostat is composed of two concentric aluminium vessels, an inner cold
vessel and an outer warm vessel. Each vessel forms a cylindrical torus centred on the beam axis3865

and the space in between the vessels is under vacuum. As described in Section 2.1.1, the cen-
tral solenoid is housed in the insulating vacuum of the barrel cryostat and supported by the inner
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Figure 78. Sketch of a barrel module where the different layers are clearly visible with the ganging of
electrodes in % . The granularity in # and % of the cells of each of the three layers and of the trigger towers
is also shown.

axis. One half-barrel covers the region with z > 0 (0 < # < 1.475) and the other one the region
with z < 0 (−1.475 < # < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in3940

front of its inner surface, over the full #-range.
A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout electrodes.

The electrodes are positioned in the middle of the gap by honeycomb spacers. The size of the drift
gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time of about 450 ns
for an operating voltage of 2000 V. Once assembled, a half-barrel presents no discontinuity along3945

the azimuthal angle % ; however, for ease of construction, each half-barrel has been divided into
16 modules, each covering a !% = 22.5◦. The total thickness of a module is at least 22 radiation
lengths (X0), increasing from 22 X0 to 30 X0 between |# | = 0 and |# | = 0.8 and from 24 X0 to 33 X0
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Pb+Pb data in ATLAS

• Trigger: 

• minimum bias scintillators, both sides firing within 3 ns

• zero degree calorimeter coincidence

• Using good runs with solenoid field on, have 47 million events

Integrated luminosity for 2010 Pb+Pb run

10 µb-1 delivered, 9 µb-1 recorded by ATLAS, ~8 µb-1 w/ solenoid

Pb+Pb !sNN=2.76 TeV

Monday, May 30, 2011
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• Used anti-kT clustering algorithm (Cacciari, M., Salam, G. P. and Soyez, G., 

The anti-kt jet clustering algorithm, Journal of High Energy Physics, 2008, 063)
• cone-like but infrared and collinear safe

• Perform anti-kT reconstruction prior to any background 
subtraction
• R = 0.4 and R = 0.2
• Input: Δη x Δφ = 0.1 x 0.1 towers
• Underlying event estimated and subtracted for each 

longitudinal layer and for 100 slices of Δη = 0.1

• ρ is energy density estimated event-by-event, from average 
over 0 < φ < 2π

Jet reconstruction

ET
cell
sub = Ecell

T − ρlayer(η) ·Acell

Monday, May 30, 2011
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Jet reconstruction bias

• Avoid biasing ρ due to jets – two methods:
• Sliding window exclusion
• Exclude cells in jets satisfying:

• For R = 0.4, add an iteration step to ensure jets with ET > 50 
GeV are always excluded from ρ
• Correct for underlying event v2

D =
ET

tower
max

< ET
tower >

> 4
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Figure 95. View of the FCal hadronic module
absorber matrix, including a set of tungsten rods
and copper tubes surrounded by 1 cm long tung-
sten slugs.

Figure 96. Schematic of the FCal1 module ca-
bling from the electrodes to the cryogenic feed-
through. The other modules differ only by the
number of rods grouped together on the intercon-
nect board (six for FCal2 and nine for FCal3).

Figure 97. Assembly of FCal modules: from
left to right, the three modules plus the copper
alloy plug can be seen on the support mandrel
with most of the cabling in place.

Figure 98. Completed FCal assembly with its
bulkhead and cone attached, just before insertion
into the end-cap cryostat.

The hadronic modules FCal2 and FCal3 are optimised for a high absorption length. This
is achieved by maximising the amount of tungsten in the modules. These modules consist of
two copper end-plates, each 2.35 cm thick, which are spanned by electrode structures, similar to4380

the ones used in FCal1, except for the use of tungsten rods instead of copper rods. Swaging of
the copper tubes to the end-plates is used to provide rigidity for the overall structure and good
electrical contact. The space between the end-plates and the tubes is filled with small tungsten
slugs, as shown in Fig. 95. The inner and outer radii of the absorber structure formed by the rods,
tubes and slugs are enclosed in copper shells.4385

Signals are read out from the side of FCal1 nearer to the interaction point and from the sides
of FCal2 and FCal3 further from the interaction point. This arrangement keeps the cables and
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Centrality measurement using FCAL

• Jets measured |η|<2.8, no interference: |ηFCAL|>3.1

• Correlation between ΣET of FCAL and other calorimeters
• Centrality translated into ⟨Ncoll⟩ via Glauber model 

Ann.Rev.Nucl.Part.Sci.57:205-243,2007, http://arxiv.org/abs/0805.4411
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Figure 4: Distribution of FCal ΣET in 2.76 TeV Pb+Pb collisions for a sub-sample of events used in this

analysis. The 10% centrality bins used in this analysis are indicated on the plot.

The centrality of the analyzed Pb+Pb collisions is characterized by the total transverse energy, ΣET,

measured in the ATLAS forward calorimeter (FCal). For the jet measurements, it is significant that the

pseudorapidity acceptance of the centrality measurement is well outside that used for the analysis so

that the presence of studied jets nominally does not affect the measurement of collision centrality. The

distribution of FCal ΣET for a representative subset of the data included in this analysis is shown in

Fig. 4. An analysis of this distribution after all trigger and selection cuts were applied gives an estimate

of the fraction of the sampled non-Coulomb inelastic cross section to be f = 100 ± 2%. This estimate is

obtained from a shape analysis of the measured FCal ΣET distribution compared with a convolution of

proton-proton data with a Monte Carlo Glauber calculation[15, 16]. We divide the FCal ΣET distribution

into centrality bins using 10% divisions of the minimum-bias ΣET distribution. Our understanding of

the systematics of the most peripheral collisions (80-100%) remains incomplete, so we present here only

results for the 0-80% centrality range. For each 10% centrality bin we evaluate the average number of

collisions, Ncoll, for events in the given centrality bin using a standard Glauber Monte Carlo procedure

[16]. Table 1 lists the average Ncoll values events obtained for each centrality bin and the systematic

uncertainties in the Ncoll values. While we do not rely on the values for number of participants, Npart, for

the results shown in this note, we include them here for completeness.

The uncertainties in the Ncoll values obtained from the centrality analysis and shown in Table 1 are

partially correlated because individual variations in the sensitive parameters in the Glauber calculation

cause all Ncoll values to increase or decrease together. To evaluate the systematic uncertainties in the

ratios of Ncoll between two centrality bins, Ncoll
cent/Ncoll

periph
, that appear in the expression for RCP, we

have directly evaluated how this ratio varies with variations of the sensitive parameters in the Glauber

Monte Carlo. We obtain from this study separate estimates for the uncertainty in the Ncoll ratios; the

results are provided in Table 2.
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Figure 96. Schematic of the FCal1 module ca-
bling from the electrodes to the cryogenic feed-
through. The other modules differ only by the
number of rods grouped together on the intercon-
nect board (six for FCal2 and nine for FCal3).

Figure 97. Assembly of FCal modules: from
left to right, the three modules plus the copper
alloy plug can be seen on the support mandrel
with most of the cabling in place.

Figure 98. Completed FCal assembly with its
bulkhead and cone attached, just before insertion
into the end-cap cryostat.

The hadronic modules FCal2 and FCal3 are optimised for a high absorption length. This
is achieved by maximising the amount of tungsten in the modules. These modules consist of
two copper end-plates, each 2.35 cm thick, which are spanned by electrode structures, similar to4380

the ones used in FCal1, except for the use of tungsten rods instead of copper rods. Swaging of
the copper tubes to the end-plates is used to provide rigidity for the overall structure and good
electrical contact. The space between the end-plates and the tubes is filled with small tungsten
slugs, as shown in Fig. 95. The inner and outer radii of the absorber structure formed by the rods,
tubes and slugs are enclosed in copper shells.4385

Signals are read out from the side of FCal1 nearer to the interaction point and from the sides
of FCal2 and FCal3 further from the interaction point. This arrangement keeps the cables and
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Centrality measurement using FCAL

• Jets measured |η|<2.8, no interference: |ηFCAL|>3.1

• Correlation between ΣET of FCAL and other calorimeters
• Centrality translated into ⟨Ncoll⟩ via Glauber model 

Ann.Rev.Nucl.Part.Sci.57:205-243,2007, http://arxiv.org/abs/0805.4411
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Figure 4: Distribution of FCal ΣET in 2.76 TeV Pb+Pb collisions for a sub-sample of events used in this

analysis. The 10% centrality bins used in this analysis are indicated on the plot.

The centrality of the analyzed Pb+Pb collisions is characterized by the total transverse energy, ΣET,

measured in the ATLAS forward calorimeter (FCal). For the jet measurements, it is significant that the

pseudorapidity acceptance of the centrality measurement is well outside that used for the analysis so

that the presence of studied jets nominally does not affect the measurement of collision centrality. The

distribution of FCal ΣET for a representative subset of the data included in this analysis is shown in

Fig. 4. An analysis of this distribution after all trigger and selection cuts were applied gives an estimate

of the fraction of the sampled non-Coulomb inelastic cross section to be f = 100 ± 2%. This estimate is

obtained from a shape analysis of the measured FCal ΣET distribution compared with a convolution of

proton-proton data with a Monte Carlo Glauber calculation[15, 16]. We divide the FCal ΣET distribution

into centrality bins using 10% divisions of the minimum-bias ΣET distribution. Our understanding of

the systematics of the most peripheral collisions (80-100%) remains incomplete, so we present here only

results for the 0-80% centrality range. For each 10% centrality bin we evaluate the average number of

collisions, Ncoll, for events in the given centrality bin using a standard Glauber Monte Carlo procedure

[16]. Table 1 lists the average Ncoll values events obtained for each centrality bin and the systematic

uncertainties in the Ncoll values. While we do not rely on the values for number of participants, Npart, for

the results shown in this note, we include them here for completeness.

The uncertainties in the Ncoll values obtained from the centrality analysis and shown in Table 1 are

partially correlated because individual variations in the sensitive parameters in the Glauber calculation

cause all Ncoll values to increase or decrease together. To evaluate the systematic uncertainties in the

ratios of Ncoll between two centrality bins, Ncoll
cent/Ncoll

periph
, that appear in the expression for RCP, we

have directly evaluated how this ratio varies with variations of the sensitive parameters in the Glauber

Monte Carlo. We obtain from this study separate estimates for the uncertainty in the Ncoll ratios; the

results are provided in Table 2.
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Fluctuations in ΣET, Data and MC

• Agreement in fluctuations between MC and data at the 
10% level
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Figure 5: Comparison of the per-event standard deviation of summed ET for 7 × 7 groups of towers

between Pb+Pb data and the HIJING+GEANT Monte Carlo simulated events as a function of FCal ΣET.

The Monte Carlo results are shown with an without the rescaling of the FCal ET values (see text).

εjet(cent, ET) =
∆Nmatch

cent
(Etruth

T )

∆Ntrue

cent
(Etruth

T )
, (7)

where ∆Ntrue

cent
(Etruth

T ) is the number of truth jets sampled in the Monte Carlo analysis for a given centrality

interval and ET bin and ∆Nmatch

cent
(Etruth

T ) is the number of truth jets in that centrality interval and ET bin

matched to a reconstructed jet.

We show in Fig. 6 the results for the JER for R = 0.4 and R = 0.2 jets in different bins of collision

centrality as a function of jet ET. For more central collisions, the JER is better (smaller σ(∆ET/ET)) for

the R = 0.2 jets than for the R = 0.4 jets due to the fact that the smaller jet size makes R = 0.2 jets less

susceptible to fluctuations in the underlying event.

The Monte Carlo evaluation of the JES shows that for R = 0.4 jets, the closure is good to better than

2% for all centrality bins, though we observe a small (≈ 1.5%) upward shift in the JES for peripheral

(60-80% and 50-60%) collisions and a slight downward shift ≈ −0.5% for ET < 150 GeV in the other

centrality bins. This possible difference in the jet energy scale between different centrality bins will be

accounted for in the systematic error estimate on the measurements presented below. For the R = 0.2
jets we observe reconstructed energies ≈ 5% smaller than the true ones, with a slight ET dependence.

This shift, which is centrality independent to < 1%, results from incomplete calibration of the R = 0.2
jets in the reconstruction due to the lack of availability of proper calibrations when the reconstruction

was performed. However, this shift is independent of centrality to better than 1% for all centrality and

ET bins. The R = 0.2 JES uncertainty translates to a centrality independent ≈ 20% error on the jet yield

which we account for in the Monte Carlo corrections.

10
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Jet Energy Resolution

• Jet energy resolution for R=0.4 and R=0.2 jets for 7 
centrality bins
• Typical range is 10-15%; mild centrality dependence
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Figure 6: Jet energy resolution (JER) characterized by σ(∆ET/ET) (see Eq. 6) for R = 0.4 (red) and
R = 0.2 (black) jets for different bins of Pb+Pb collision centrality.
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Single jet spectrum, R=0.4

• Jet spectrum per event, R=0.4 jets, unnormalized (left) 
and normalized to Ncoll (right), for various centralities
• Additional scale uncertainty of 22% due to global JES
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Figure 7: Left: corrected R = 0.4 jet spectra, (1/Nevt) dNjet/dET, from
√

sNN = 2.76 TeV Pb+Pb colli-
sions for |η| < 2.8. Right: corrected R = 0.4 jet spectra per collision, (1/Ncoll) (1/Nevt) dNjet/dET. Error
bars on data points represent statistical errors, shaded boxes (many smaller than points) represent sys-
tematic errors due to JER and internal JES (see text) (left) and JER, internal JES, and Ncoll uncertainties
(right). A common overall normalization systematic uncertainty of 22%, due to the knowledge accuracy
of the global JES, applies to all data points.
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• font font
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Figure 8: Left: corrected R = 0.2 jet spectra, (1/Nevt) dNjet/dET, from
√

sNN = 2.76 TeV Pb+Pb col-
lisions for |η| < 2.8. Right: corrected R = 0.2 jet spectra per collision, (1/Ncoll) (1/Nevt) dNjet/dET.
Error bars on data points represent statistical errors, shaded boxes (many smaller than points) represent
systematic errors due to JER and internal JES (see text) (left) and JER, internal JES, and Ncoll uncertain-
ties (right). The Ncoll uncertainties are partially correlated between centrality bins. A common overall
normalization systematic uncertainty of 22%, due to the knowledge accuracy of the global JES, applies
to all data points.
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Single jet spectrum, R=0.2

• Jet spectrum per event, R=0.2 jets, unnormalized (left) and 
normalized to Ncoll (right), for various centralities
• Additional scale uncertainty of 22% due to global JES
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Centrality Dependence for 3 Jet Energies

• Normalized to Ncoll and Nevent, three different energy ranges
• Slow, monotonic dependence on centrality
• Systematic uncertainties: centrality dependence of jet energy 

resolution, and jet energy scale and Ncoll uncertainties
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Figure 9:
√

sNN = 2.76 TeV Pb+Pb corrected jet yields divided by Ncoll, (1/Ncoll) (1/Nevt) dNcorr
jet /dET,

in different bins of Pb+Pb collision centrality for R = 0.4 anti-kt reconstructed and underlying event
subtracted jets in three different ET bins, top: 100 < ET < 125 GeV, middle: 125 < ET < 150 GeV,
and bottom: 150 < ET < 200 GeV. Error bars on the data points indicate statistical uncertainties,
shaded errors represent combined systematic errors from the JER, internal JES uncertainties and Ncoll.
The Ncoll uncertainties are partially correlated between centrality bins. A common overall normalization
systematic uncertainty of 22%, due to the knowledge accuracy of the global JES, applies to all data
points.
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R=0.4
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Figure 10:
√

sNN = 2.76 TeV R = 0.2 corrected jet yields divided by Ncoll, 1/(Ncoll × Nevt) dNcorr
jet /dET,

in different bins of Pb+Pb collision centrality for R = 0.2 anti-kt reconstructed and underlying event
subtracted three different ET bins, top: 100 < ET < 125 GeV, middle: 125 < ET < 150 GeV, and bottom:
150 < ET < 200 GeV. Error bars on the data points indicate statistical uncertainties, shaded errors
represent combined systematic errors from the JER, internal JES uncertainties and Ncoll. A common
overall normalization systematic uncertainty of 22%, due to the knowledge accuracy of the global JES,
applies to all data points.
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Single jet central to peripheral ratio: Rcp

Use 60-80% centrality as peripheral reference for Rcp

Rcp ≡
1

Ncentrality
coll

1
Ncentrality

evt

dNcentrality
jet

dET

1
N60−80

coll

1
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evt
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RCP vs. ET and Centrality, R=0.4 Jets

• Limited ET dependence
• Monotonic centrality dependence, suppression ~factor 2
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Figure 11: RCP for R = 0.4 jets in
√

sNN = 2.76 TeV Pb+Pb collisions. Left: RCP as a function of jet ET
for three centrality bins, 0-10% (top), 30-40% (middle) and 50-60% (bottom). Right: RCP as a function
of centrality for three ET intervals 100 ≤ ET < 125 GeV (top), 125 ≤ ET < 150 GeV (middle) and
150 ≤ ET < 200 GeV (bottom). Error bars on the data points indicate statistical uncertainties, shaded
errors represent combined systematic errors from the JER, internal JES and Ncoll.

express RCP in terms of 1/Nevt dN/dET. The obtained RCP values as a function of ET for fixed centrality
and as a function of centrality for fixed ET are shown in Figs. 11 and 12 for R = 0.4 and R = 0.2 jets
respectively. The error bars on the data points represent the combined statistical errors from the yield
measurements in the two centrality bins included in the RCP calculation. The uncertainties on the Ncoll
ratios from Table 2 that take into account the partial correlations in uncertainties between different cen-
trality bins are used in the evaluation of the RCP systematic errors. These are shown in the figures with
shaded boxes.

We observe a suppression of the jet yield of approximately a factor of two in central Pb+Pb collisions
for both R = 0.4 and R = 0.2 jets. Within our errors we see no deviation from a pT-independent RCP for
R = 0.4 jets with ET > 100 GeV and for R = 0.2 jets with ET > 50 GeV. The centrality dependence of
the RCP in all ET bins for both R = 0.4 and R = 0.2 indicates a continuous decrease in RCP from more
peripheral to more central collisions. The observation of comparable suppression in the R = 0.4 and
R = 0.2 jets contradicts the predictions shown in Fig. 1.
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Figure 12: RCP for R = 0.2 jets in
√

sNN = 2.76 TeV Pb+Pb collisions. Left: RCP as a function of
jet ET for three centrality bins, 0-10% (top), 30-40% (middle) and 50-60% (bottom). Right: RCP as a
function of centrality for three ET intervals 50 ≤ ET < 75 GeV (top), 75 ≤ ET < 100 GeV (middle) and
100 ≤ ET < 125 GeV (bottom). Error bars on the data points indicate statistical uncertainties, shaded
errors represent combined systematic errors from JER, internal JES and Ncoll.
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RCP vs. ET and Centrality, R=0.2 Jets

• Limited ET dependence
• Monotonic centrality dependence, up to 50% suppression
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Transverse Momentum within Jet

• Not yet unfolded for angular resolution
• Little systematic dependence seen on centrality
• Little difference between R=0.4 and R=0.2 jets
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Figure 13: Distribution of transverse momenta of particles measured with respect to the jet axis, D( jT).

jT distributions are measured using the R = 0.4 jets (left), and R = 0.2 jets (right). The 0-10% central

collisions are compared to 40-80% peripheral. R = 0.2 jets are selected in the transverse energy range

of ET = 75 − 100 GeV, R = 0.4 jets are selected in the range of ET > 100 GeV. The yellow and orange

band show the systematic uncertainty from the subtraction of the underlying event contribution.

Monte Carlo reconstructed charged particles and jets, and Monte Carlo reconstructed charged particles

and truth jets. This therefore implies that the correction factors do not provide the full unfolding of the

distributions to the hadron level. The correction factors vary between 0.8 and 1.2. The largest correction

of 20% is applied for the ratio of (0-10%)/(40-80%) in the region of intermediate and high z. To study

the effect of systematic uncertainty of jet energy resolution on the measured ratios we used the similar

procedure as described in Section 5. We have evaluated the trend in the change of the size of correction

with increasing jet energy resolution. The systematic uncertainty in the jet energy resolution of ±10%

discussed in Section 4 leads to at most 10% change in the size of the correction factors. The uncertainty of

±10% in the correction factors yields a systematic uncertainty smaller then 3% on the ratio of measured

fragmentation functions and pT spectra.

Other sources of systematic uncertainty are due to the track selection, JER and JES, and subtraction

of the underlying event contributions to the charged particle spectrum. The internal (between centrality

bins) jet energy scale uncertainty of 2% for R = 0.4 jets yields a ≈ 5% uncertainty on the central-to-

peripheral ratios in the case of fragmentation function measurement, and an uncertainty below 2% in the

case of measurement of pT spectra. By varying the tracking cuts starting from loose to tight cuts we

found that the tracking selection uncertainty on the ratios of both fragmentation function and pT spectra

is approximately 2%. The systematic uncertainty on the subtraction of the underlying event contribution

is significant at low z and small pT . In the region below pT ∼ 5 GeV or below z ∼ 0.05 the size of

the systematic uncertainty is as large as 20%. The estimates of systematic uncertainties as a function

of particle pT and z are presented in Fig. 19. The overall normalization of fragmentation functions,

jT distributions, and pT spectra shown in Figure 13 and 14 is subject to an uncertainty from tracking

efficiency. This uncertainty is estimated to be at most 6% from p+p collisions.

We conclude that we do not observe a significant modification of the fragmentation function at large

z as predicted by some theoretical models. The measurement of a possible enhancement at very low z
suffers from large systematic uncertainty due to the subtraction of background distributions. We also do

not observe any modification of the transverse structure of jets based on the inclusive measurement of

jT distributions using tracks with pT > 2 GeV. To gain more insight into the transverse structure of jets

the investigation of the jT distribution using different cuts on minimum pT of charged particles would be

appropriate.
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R=0.4 R=0.2

jT ≡ phadT sin∆R = phadT sin(
�
∆η2 +∆φ2)
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Fragmentation Function Dependencies

• Systematic uncertainties from jet energy resolution, centrality 
dependence of jet energy scale.
• Compare central (0-10%) to peripheral (40-80%)
• See: limited FF centrality dependence for R=0.4, less for R=0.2
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Figure 14: Fragmentation function, D(z) (left), and distribution of transverse momenta of charged par-
ticles inside jets, D(pT) (right). Upper plots show distributions measured for R = 0.4 jets. Lower plots
show distributions measured for R = 0.2 jets. The 0-10% central collisions are compared to 40-80%
peripheral. R = 0.2 jets are selected in the transverse energy range of ET = 75 − 100 GeV, R = 0.4 jets
are selected in the range of ET > 100 GeV. The yellow and orange band show the systematic uncertainty
from the subtraction of the underlying event contribution.
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Figure 14: Fragmentation function, D(z) (left), and distribution of transverse momenta of charged par-
ticles inside jets, D(pT) (right). Upper plots show distributions measured for R = 0.4 jets. Lower plots
show distributions measured for R = 0.2 jets. The 0-10% central collisions are compared to 40-80%
peripheral. R = 0.2 jets are selected in the transverse energy range of ET = 75 − 100 GeV, R = 0.4 jets
are selected in the range of ET > 100 GeV. The yellow and orange band show the systematic uncertainty
from the subtraction of the underlying event contribution.
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R=0.4 R=0.2

z ≡ (
phadT

ET
)cos∆R
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Fragmentation Function Ratios, R=0.4 Jets

• Visible small effect for 0-10% and 10-20% centralities
• Suppression concentrated at high z is not evident
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Figure 15: Ratios of fragmentation functions measured in R = 0.4 jets for different centralities and for
jets with ET > 100 GeV. The yellow band shows combined systematic uncertainty from internal jet
energy scale, jet energy resolution, track selection and subtraction of the underlying event contribution.
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Figure 16: Ratios of fragmentation functions measured in R = 0.2 jets for different centralities and for
jets with ET = 75−100 GeV. The yellow band shows combined systematic uncertainty from the jet energy
scale, jet energy resolution, tracking selection, and subtraction of the underlying event contribution.
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• Even smaller effect than in R=0.4 jets
• Suppression concentrated at high z is not evident

Fragmentation Function Ratios, R=0.2 Jets
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Update on di-jet asymmetry

AJ ≡ Ejet1
T − Ejet2

T

Ejet1
T + Ejet2

T

• R = 0.4, ET(jet 1) > 100 GeV, ET(jet 2)	
> 25 GeV
• Correction for flow in underlying event
• Iterative step in background estimation
• Integrated luminosity 7 μb-1 (PRL had 1.7 μb-1)
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Di-Jet Asymmetry, R=0.4 Jets

• Updated from ATLAS 2010 Phys. Rev. Lett. with full luminosity
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Figure 20: Dijet asymmetry for R = 0.4 jets in six centrality bins in events with a leading jet with

ET > 100 GeV. A comparison to HIJING with embedded PYTHIA dijet events (yellow) and ATLAS√
s = 7 TeV p+p data (open circles) is shown.

7 Dijet Asymmetry

The observation of a centrality-dependent dijet asymmetry was the first indication of jet quenching at

the LHC. A measurement of dijet asymmetry with ATLAS was previously reported in Ref. [4]. Here we

extend that analysis benefiting from the increased statistics of the full collision data set and improvements

in the jet reconstruction performance as mentioned in Section 3. We also present new results for R = 0.2
jets which have less influence from underlying event fluctuations.

Following the procedures used in [4] we calculate per-event dijet asymmetries according to

AJ =
ET1 − ET2

ET1 + ET2

, (19)

where ET1 is the transverse energy of the leading (highest ET) jet in the event and ET2 is the transverse

energy of the highest ET jet in the opposite hemisphere (∆φ > π/2 with ∆φ the azimuthal angle difference

between the jets). Both jets are required to satisfy the |η| < 2.8 requirement. We note that we do not

exclude events for which the second highest ET jet in the event fails the η or ∆φ requirements, in this

case, we simply find the highest-energy jet that satisfies them. For all of the presented results we require

that ET2 > 25 GeV; events for which the second jet (passing the above selections) fails this requirement

are excluded from the analysis.

Figure 20 shows the asymmetry distribution for R = 0.4 jets with ET1 > 100 GeV for six bins of

collision centrality. Also shown for each centrality bin are results obtained from p+p measurements at

7 TeV[26] and the asymmetry distributions obtained from the HIJING+PYTHIA Monte Carlo samples

28
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Figure 21: Dijet asymmetry for R = 0.2 jets in six centrality bins in events with a leading jet with
ET > 100 GeV. A comparison to HIJING with embedded PYTHIA dijet events (yellow) is shown.

for the corresponding centrality bin using the above described analysis procedures. The features observed
in the original dijet asymmetry publication are seen in Fig. 20, namely good agreement between Pb+Pb
data, p+p data, and Monte Carlo results in the more peripheral (40-60% and 60-80%) centrality bins
and an increasingly strong modification of the asymmetry distributions for more central collisions. The
Monte Carlo AJ distributions show modest broadening from peripheral to central collisions due to the
increased underlying event fluctuations. However, the modifications seen in the data are much stronger
than those seen in the Monte Carlo for which the underlying event fluctuations are shown to be consistent
with those in Pb+Pb data in Fig. 5.

Figure 21 shows the measured asymmetry distributions for R = 0.2 jets with ET1 > 100 GeV com-
pared to results from Monte Carlo simulations. An analysis of p+p data with R = 0.2 is not yet available.
The R = 0.2 asymmetry distributions show the same general features as seen in the R = 0.4 results shown
in Fig. 20. However, the asymmetry distributions generally extend to larger AJ values for R = 0.2 jets
than for R = 0.4 jets. Another difference between the R = 0.4 and R = 0.2 results can be seen in the
40-60% centrality bin where a modification of the asymmetry distribution is seen for R = 0.2 jets and
not for R = 0.4 jets.

One of the most important results presented in the original dijet asymmetry letter was the observa-
tion that the dijet ∆φ distribution remains mostly unchanged in all centrality bins while the asymme-
try distribution is strongly modified in central collisions. We show in Figs. 22 and 23 updated results
for the R = 0.4 ∆φ distributions with linear and logarithmic vertical scales, respectively, for dijets with
ET1 > 100 GeV using the same dijet selection procedure described above. These figures confirm the orig-
inal observation that the dijet ∆φ distributions are unmodified with the caveat that a small combinatoric
contribution is observed in the 0-10% and 10-20% centrality bins. Such a combinatoric contribution was

29

Di-Jet Asymmetry, R=0.2 Jets

• Updated from ATLAS 2010 Phys. Rev. Lett. with full luminosity
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Di-Jet Angular Distribution, R=0.4 Jets

• Limited angular broadening of the di-jet pair
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Figure 22: Dijet ∆φ distributions for R = 0.4 jets in
√

sNN = 2.76 TeV Pb+Pb collisions having a leading

jet with ET > 100 GeV in six centrality bins. A comparison to HIJING with embedded PYTHIA dijet

events (yellow) and ATLAS
√

s = 7 TeV p+p data (open circles) is shown.

also seen in the original measurement. The dijet ∆φ distributions for R = 0.2 jets with ET2 > 100 GeV

are shown in Figs. 24 and 25 with linear and logarithmic vertical scales, respectively. The R = 0.2 ∆φ
distributions show no modification and a much smaller combinatoric contribution.

To understand how the dijet asymmetry evolves with the energy of the leading jet, ET1, we show

in Figures 26 and 27 distributions of dijet AJ for three different centrality bins, 0-10% (top), 30-40%

(middle), 60-80% (bottom), for three different ranges of energies (see figures) for the leading jet. The

peaking at larger values of AJ becomes more pronounced when ET1 is restricted to a lower range and that

peaking becomes less pronounced as ET1 increases. The peaking is particularly prominent for R = 0.2
jets with 75 < ET1 < 100 GeV where the peak at AJ ≈ 0.55 corresponds to ET2 ≈ 25 GeV – the minimum

value for ET2 allowed in the analysis. With increasing ET1, the peak occurs at approximately the same

ET2 value, but larger AJ. The AJ range accessible in the measurement is limited by the presence of low

ET real or false soft jets in the event that are selected as the second jet and by inefficiencies in the jet

reconstruction at low ET. Because of the smaller jet size, the R = 0.2 jets have better efficiency at low

ET and fewer fake jets. These arguments would explain why for (e.g.) the 100 < ET1 < 125 GeV bin,

the asymmetry distribution extends to larger values of AJ. To complete the survey of dijet asymmetry

measurements, we show in Fig. 28 the full centrality dependence of the AJ distributions for R = 0.2 jets

with ET > 75 GeV.
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Figure 23: Dijet ∆φ distributions plotted with a logarithmic vertical scale for R = 0.4 jets in
√

sNN =

2.76 TeV Pb+Pb collisions having a leading jet with ET > 100 GeV in six centrality bins. A comparison

to HIJING with embedded PYTHIA dijet events (yellow) and ATLAS
√

s = 7 TeV p+p data (open

circles) is shown.
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Di-Jet Angular Distribution, R=0.4 Jets

• Log scale version of previous plot 
• Limited angular broadening of the di-jet pair
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Figure 24: Dijet ∆φ distributions for R = 0.2 jets in
√

sNN = 2.76 TeV Pb+Pb collisions having a leading

jet with ET > 100 GeV in six centrality bins. A comparison to HIJING with embedded PYTHIA dijet

events (yellow) is shown.

32

Di-Jet Angular Distribution, R=0.2 Jets

• Even less angular broadening of the di-jet pair than 
for R=0.4 jets
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Figure 25: Dijet ∆φ distributions plotted with a logarithmic vertical scale for R = 0.2 jets in
√

sNN =

2.76 TeV Pb+Pb collisions having a leading jet with ET > 100 GeV in six centrality bins. A comparison

to HIJING with embedded PYTHIA dijet events (yellow) is shown.
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Di-Jet Angular Distribution, R=0.2 Jets

• Log scale version of previous plot
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Conclusions

• We observe a factor of ~ 2 suppression in jet yield at high 
ET in central collisions
• Gradual turn-on of suppression with centrality
• R = 0.2 and R = 0.4 results quantitatively similar
• No significant ET dependence of suppression

• No significant broadening of fragment jT distribution

• Weak modification of fragment z distributions

• Di-jet asymmetry analysis improved (background, flow 
correction), still see strong modification and no Δϕ  
broadening
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overarching physics message

• font font

Barrel End-cap
EM calorimeter

Number of layers and |! | coverage
Presampler 1 |! | < 1.52 1 1.5 < |! | < 1.8
Calorimeter 3 |! | < 1.35 2 1.375 < |! | < 1.5

2 1.35< |! | < 1.475 3 1.5 < |! | < 2.5
2 2.5 < |! | < 3.2

Granularity "!×"# versus |! |
Presampler 0.025×0.1 |! | < 1.52 0.025×0.1 1.5 < |! | < 1.8

Calorimeter 1st layer 0.025/8×0.1 |! | < 1.40 0.050×0.1 1.375 < |! | < 1.425
0.025×0.025 1.40< |! | < 1.475 0.025×0.1 1.425 < |! | < 1.5

0.025/8×0.1 1.5 < |! | < 1.8
0.025/6×0.1 1.8 < |! | < 2.0
0.025/4×0.1 2.0 < |! | < 2.4
0.025×0.1 2.4 < |! | < 2.5
0.1×0.1 2.5 < |! | < 3.2

Calorimeter 2nd layer 0.025×0.025 |! | < 1.40 0.050×0.025 1.375 < |! | < 1.425
0.075×0.025 1.40< |! | < 1.475 0.025×0.025 1.425 < |! | < 2.5

0.1×0.1 2.5 < |! | < 3.2
Calorimeter 3rd layer 0.050×0.025 |! | < 1.35 0.050×0.025 1.5 < |! | < 2.5

Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)

LAr hadronic end-cap
|! | coverage 1.5 < |! | < 3.2

Number of layers 4
Granularity "!×"# 0.1×0.1 1.5 < |! | < 2.5

0.2×0.2 2.5 < |! | < 3.2
Readout channels 5632 (both sides)

LAr forward calorimeter
|! | coverage 3.1 < |! | < 4.9

Number of layers 3
Granularity "x×"y (cm) FCal1: 3.0×2.6 3.15 < |! | < 4.30

FCal1: ∼ four times finer 3.10 < |! | < 3.15,
4.30 < |! | < 4.83

FCal2: 3.3×4.2 3.24 < |! | < 4.50
FCal2: ∼ four times finer 3.20 < |! | < 3.24,

4.50 < |! | < 4.81
FCal3: 5.4×4.7 3.32 < |! | < 4.60
FCal3: ∼ four times finer 3.29 < |! | < 3.32,

4.60 < |! | < 4.75
Readout channels 3524 (both sides)

Scintillator tile calorimeter
Barrel Extended barrel

|! | coverage |! | < 1.0 0.8 < |! | < 1.7
Number of layers 3 3

Granularity "!×"# 0.1×0.1 0.1×0.1
Last layer 0.2×0.1 0.2×0.1

Readout channels 5760 4092 (both sides)

Table 3. Main parameters of the calorimeter system.

sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter1380

consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region

– 37 –
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Jet Calibration

Several Jet Calibration Schemes in ATLAS:

• Simple pT- and η-dependent calibration scheme (EM+JES)

• Global Sequential calibration scheme (GS)

• Global Cell-energy-density Weighting calibration scheme 
(GCW)

• Local Cluster Weighting calibration scheme (LCW)

• We are using GCW because we want to calibrate the 
entire detector including the hadronic response before 
doing the subtraction.
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Figure 18: Ratios of pT spectra of charged particles inside jets measured using R = 0.2 jets for different
centralities and for jets with ET = 75−100 GeV. The yellow band shows combined systematic uncertainty
from the jet energy scale, jet energy resolution, tracking selection, and subtraction of the underlying event
contribution.
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Figure 19: Different contributions to the systematic uncertainties of fragmentation function measurement
(left) and measurement of pT spectra (right). Relative contributions from the jet energy scale, jet energy
resolution, tracking selection, and subtraction of the underlying event contribution are shown separately.
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Figure 18: Ratios of pT spectra of charged particles inside jets measured using R = 0.2 jets for different
centralities and for jets with ET = 75−100 GeV. The yellow band shows combined systematic uncertainty
from the jet energy scale, jet energy resolution, tracking selection, and subtraction of the underlying event
contribution.
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Figure 19: Different contributions to the systematic uncertainties of fragmentation function measurement
(left) and measurement of pT spectra (right). Relative contributions from the jet energy scale, jet energy
resolution, tracking selection, and subtraction of the underlying event contribution are shown separately.
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Indirect jet quenching @ RHIC Direct quenching @ LHC?

          STAR

Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead Collisions at√
sNN = 2.76 TeV with the ATLAS Detector at the LHC

G. Aad et al. (The ATLAS Collaboration)
∗

Using the ATLAS detector, observations have been made of a centrality-dependent dijet asym-

metry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events

with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are

reconstructed in fine-grained, longitudinally-segmented electromagnetic and hadronic calorimeters.

The underlying event is measured and subtracted event-by-event, giving estimates of jet transverse

energy above the ambient background. The transverse energies of dijets in opposite hemispheres is

observed to become systematically more unbalanced with increasing event centrality leading to a

large number of events which contain highly asymmetric dijets. This is the first observation of an

enhancement of events with such large dijet asymmetries, not observed in proton-proton collisions,

which may point to an interpretation in terms of strong jet energy loss in a hot, dense medium.

PACS numbers: 25.75.-q

Collisions of heavy ions at ultra-relativistic energies are

expected to produce an evanescent hot, dense state, with

temperatures exceeding two trillion kelvins, in which the

relevant degrees of freedom are not hadrons, but quarks

and gluons. In this medium, high-energy quarks and glu-

ons are expected to transfer energy to the medium by

multiple interactions with the ambient plasma. There is

a rich theoretical literature on in-medium QCD energy

loss extending back to Bjorken, who proposed to look

for “jet quenching” in proton-proton collisions [1]. This

work also suggested the observation of highly unbalanced

dijets when one jet is produced at the periphery of the

collision. For comprehensive reviews of recent theoretical

work in this area, see Refs. [2, 3].

Single particle measurements made by RHIC experi-

ments established that high transverse momentum (pT )
hadrons are produced at rates a factor of five or more

lower than expected by assuming QCD factorization

holds in every binary collision of nucleons in the on-

coming nuclei [4, 5]. This observation is characterized

by measurements of RAA, the ratio of yields in heavy

ion collisions to proton-proton collisions, divided by the

number of binary collisions. Di-hadron measurements

also showed a clear absence of back-to-back hadron pro-

duction in more central heavy ion collisions [5], strongly

suggestive of jet suppression. The limited rapidity cover-

age of the experiment, and jet energies comparable to the

underlying event energy, prevented a stronger conclusion

being drawn from these data.

The LHC heavy ion program was foreseen to provide

an opportunity to study jet quenching at much higher

jet energies than achieved at RHIC. This letter provides

the first measurements of jet production in lead-lead col-

lisions at
√
sNN = 2.76 TeV per nucleon-nucleon col-

lision, the highest center of mass energy ever achieved

for nuclear collisions. At this energy, next-to-leading-

order QCD calculations [6] predict abundant rates of jets

above 100 GeV produced in the pseudorapidity region

|η| < 4.5 [7], which can be reconstructed by ATLAS.

The data in this paper were obtained by ATLAS during

the 2010 lead-lead run at the LHC and correspond to an

integrated luminosity of approximately 1.7 µb−1
.

For this study, the focus is on the balance between

the highest transverse energy pair of jets in events where

those jets have an azimuthal angle separation, ∆φ =

|φ1 − φ2| > π/2 to reduce contributions from multi-jet

final states. In this letter, jets with ∆φ > π/2 are la-

beled as being in opposite hemispheres. The jet energy

imbalance is expressed in terms of the asymmetry AJ ,

AJ =
ET1 − ET2

ET1 + ET2
,∆φ >

π

2
(1)

where the first jet is required to have a transverse en-

ergy ET1 > 100 GeV, and the second jet is the highest

transverse energy jet in the opposite hemisphere with

ET2 > 25 GeV. The average contribution of the under-

lying event energy is subtracted when deriving the in-

dividual jet transverse energies. The event selection is

chosen such that the first jet has high reconstruction ef-

ficiency and the second jet is above the distribution of

background fluctuations and the intrinsic soft jets asso-

ciated with the collision. Dijet events are expected to

have AJ near zero, with deviations expected from gluon

radiation falling outside the jet cone, as well as from in-

strumental effects. Energy loss in the medium could lead

to much stronger deviations in the reconstructed energy

balance.

The ATLAS detector [8] is well-suited for measuring

jets due to its large acceptance, highly segmented elec-

tromagnetic (EM) and hadronic calorimeters. These al-

low efficient reconstruction of jets over a wide range in

the region |η| < 4.5. The detector also provides precise

charged particle and muon tracking. An event display

showing the Inner Detector and calorimeter systems is

shown in Fig. 1.

Liquid argon (LAr) technology providing excellent en-

ergy and position resolution is used in the electromag-

netic calorimeter that covers the pseudorapidity range
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FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets

(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton

data from
√
s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of ∆φ, the

azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

(asymmetries larger than 0.6 can only exist for leading

jets substantially above the kinematic threshold of 100

GeV transverse energy). The ∆φ distributions show that

the leading and second jets are primarily back-to-back in

all centrality bins; however, a systematic increase is ob-

served in the rate of second jets at large angles relative

to the recoil direction as the events become more central.

Numerous studies have been performed to verify that

the events with large asymmetry are not produced by

backgrounds or detector effects. Detector effects primar-

ily include readout errors and local acceptance loss due to

dead channels and detector cracks. All of the jet events

in this sample were checked, and no events were flagged

as problematic. The analysis was repeated first requiring

both jets to be within |η| < 1 and |η| < 2, to see if there

is any effect related to boundaries between the calorime-

ter sections, and no change to the distribution was ob-

served. Furthermore, the highly-asymmetric dijets were

not found to populate any specific region of the calorime-

ter, indicating that no substantial fraction of produced

energy was lost in an inefficient or uncovered region.

To investigate the effect of the underlying event, the

jet radius parameter R was varied from 0.4 to 0.2 and

0.6 with the result that the large asymmetry was not re-

duced. In fact, the asymmetry increased for the smaller

radius, which would not be expected if detector effects
are dominant. The analysis was independently corrobo-

rated by a study of “track jets”, reconstructed with ID

tracks of pT > 4 GeV using the same jet algorithms. The

ID has an estimated efficiency for reconstructing charged

hadrons above pT > 1 GeV of approximately 80% in the

most peripheral events (the same as that found in 7 TeV

proton-proton operation) and 70% in the most central

events, due to the approximately 10% occupancy reached

in the silicon strips. A similar asymmetry effect is also

observed with track jets. The jet energy scale and under-

lying event subtraction were also validated by correlating

calorimeter and track-based jet measurements.

The missing ET distribution was measured for mini-

mum bias heavy ion events as a function of the total ET

deposited in the calorimeters up to about ΣET = 10 TeV.

The resolution as a function of total ET shows the same

behavior as in proton-proton collisions. None of the

events in the jet selected sample was found to have an

anomalously large missing ET .

The events containing high-pT jets were studied for the

presence of high-pT muons that could carry a large frac-

tion of the recoil energy. Fewer than 2% of the events

have a muon with pT > 10 GeV, potentially recoiling

against the leading jet, so this can not explain the preva-

lence of highly asymmetric dijet topologies in more cen-

tral events.

None of these investigations indicate that the highly-

asymmetric dijet events arise from backgrounds or

detector-related effects.
In summary, first results are presented on jet recon-

struction in lead-lead collisions, with the ATLAS detector

at the LHC. In a sample of events with a reconstructed

jet with transverse energy of 100 GeV or more, an asym-

metry is observed between the transverse energies of the

From 2010 PRL

Phys. Rev. Lett. 105, 252303 (2010))
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ATLAS: Fall 2010 Pb+Pb Data set

For QM 2011 analyses

• Using solenoid on, good 
runs:  47 million events
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Ratios vs. pT, R=0.4 Jets
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Figure 17: Ratios of pT spectra of charged particles inside jets measured in R = 0.4 jets for different
centralities and for jets with ET > 100 GeV. The yellow band shows combined systematic uncertainty
from the jet energy scale, jet energy resolution, tracking selection, and subtraction of the underlying
event contribution.

26

• Visible effect for 0-10% and 10-20% centralities
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Figure 18: Ratios of pT spectra of charged particles inside jets measured using R = 0.2 jets for different
centralities and for jets with ET = 75−100 GeV. The yellow band shows combined systematic uncertainty
from the jet energy scale, jet energy resolution, tracking selection, and subtraction of the underlying event
contribution.
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Figure 19: Different contributions to the systematic uncertainties of fragmentation function measurement
(left) and measurement of pT spectra (right). Relative contributions from the jet energy scale, jet energy
resolution, tracking selection, and subtraction of the underlying event contribution are shown separately.
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Ratios vs. pT, R=0.2 Jets

• Little visible effect at any centrality
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Figure 26: Dijet asymmetry for R = 0.4 jets in three centrality bins: 0-10% (top), 30-40% (middle),

60-80% (bottom) for
√

sNN = 2.76 TeV Pb+Pb collisions with a leading jet with 100 < ET1 < 125 GeV

(left), 125 < ET1 < 150 GeV (middle), 150 < ET1 < 200 GeV (right). For all of the plots, comparison to

HIJING events with embedded PYTHIA dijets for the same conditions on reconstructed jets as the data

is shown (yellow).
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ET1 dependence, Di-Jet Asymmetry, R=0.4 Jets
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Figure 27: Dijet asymmetry for R = 0.2 jets in three centrality bins: 0-10% (top), 30-40% (middle),

60-80% (bottom) for
√

sNN = 2.76 TeV Pb+Pb collisions with a leading jet with 75 < ET1 < 100 GeV

(left), 100 < ET1 < 125 GeV (middle), 125 < ET1 < 150 GeV (right). For all of the plots, comparison to

HIJING events with embedded PYTHIA dijets for the same conditions on reconstructed jets as the data

is shown (yellow).
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Figure 28: Dijet asymmetry for R = 0.2 jets in six centrality bins in events with a leading jet with

ET > 75 GeV. A comparison to HIJING with embedded PYTHIA dijet events (yellow) is shown.
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Di-Jet Asymmetry, ET1=75 GeV, R=0.2 Jets

Monday, May 30, 2011


