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 2tended to illustrate the effect of the heavy ion background
on jet reconstruction, not any underlying physics process.
The dijet asymmetry in peripheral lead-lead events is
similar to that in both proton-proton and simulated events;
however, as the events become more central, the lead-lead
data distributions develop different characteristics, indicat-
ing an increased rate of highly asymmetric dijet events.
The asymmetry distribution broadens; the mean shifts to
higher values; the peak at zero asymmetry is no longer
visible; and for the most central events a peak is visible at
higher asymmetry values (asymmetries larger than 0.6 can
exist only for leading jets substantially above the kinematic
threshold of 100 GeV transverse energy). The !! distri-
butions show that the leading and second jets are primarily
back-to-back in all centrality bins; however, a systematic
increase is observed 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 back-
grounds or detector effects. Detector effects primarily in-
clude 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 by requiring
both jets to be within j"j< 1 and j"j< 2, to see if there is
any effect related to boundaries between the calorimeter
sections, and no change to the distribution was observed.
Furthermore, the highly asymmetric dijets were not found
to populate any specific region of the calorimeter, indicat-

ing 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 reduced. In
fact, the asymmetry increased for the smaller radius, which
would not be expected if detector effects are dominant. The
analysis was independently corroborated by a study of
‘‘track jets,’’ reconstructed with inner detector tracks of
pT > 4 GeV using the same jet algorithms. The inner
detector 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
underlying event subtraction were also validated by corre-
lating calorimeter and track-based jet measurements.
The missing ET distribution was measured for minimum

bias heavy ion events as a function of the total ET deposited
in the calorimeters up to about "ET ¼ 10 TeV. The reso-
lution 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 fraction
of the recoil energy. Fewer than 2% of the events have a
muon with pT > 10 GeV, potentially recoiling against the
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FIG. 3 (color online). (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 fromffiffiffi
s

p ¼ 7 TeV, analyzed with the same jet selection, are shown as open circles. (Bottom) Distribution of !!, the azimuthal angle
between the two jets, for data and HIJINGþ PYTHIA, also as a function of centrality.
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tended to illustrate the effect of the heavy ion background
on jet reconstruction, not any underlying physics process.
The dijet asymmetry in peripheral lead-lead events is
similar to that in both proton-proton and simulated events;
however, as the events become more central, the lead-lead
data distributions develop different characteristics, indicat-
ing an increased rate of highly asymmetric dijet events.
The asymmetry distribution broadens; the mean shifts to
higher values; the peak at zero asymmetry is no longer
visible; and for the most central events a peak is visible at
higher asymmetry values (asymmetries larger than 0.6 can
exist only for leading jets substantially above the kinematic
threshold of 100 GeV transverse energy). The !! distri-
butions show that the leading and second jets are primarily
back-to-back in all centrality bins; however, a systematic
increase is observed 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 back-
grounds or detector effects. Detector effects primarily in-
clude 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 by requiring
both jets to be within j"j< 1 and j"j< 2, to see if there is
any effect related to boundaries between the calorimeter
sections, and no change to the distribution was observed.
Furthermore, the highly asymmetric dijets were not found
to populate any specific region of the calorimeter, indicat-

ing 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 reduced. In
fact, the asymmetry increased for the smaller radius, which
would not be expected if detector effects are dominant. The
analysis was independently corroborated by a study of
‘‘track jets,’’ reconstructed with inner detector tracks of
pT > 4 GeV using the same jet algorithms. The inner
detector 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
underlying event subtraction were also validated by corre-
lating calorimeter and track-based jet measurements.
The missing ET distribution was measured for minimum

bias heavy ion events as a function of the total ET deposited
in the calorimeters up to about "ET ¼ 10 TeV. The reso-
lution 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 fraction
of the recoil energy. Fewer than 2% of the events have a
muon with pT > 10 GeV, potentially recoiling against the
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FIG. 3 (color online). (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 fromffiffiffi
s

p ¼ 7 TeV, analyzed with the same jet selection, are shown as open circles. (Bottom) Distribution of !!, the azimuthal angle
between the two jets, for data and HIJINGþ PYTHIA, also as a function of centrality.
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more central collisions
PRL 105 252303

what happens to jets as they pass through the quark-gluon plasma? 
what does that tell us about the properties of the QGP?



Jet Energy Scale and its Uncertainties 
using the Heavy Ion Jet Reconstruction 

in pp and Pb+Pb Collisions

The ATLAS Calorimeter System
• ATLAS is a general purpose detector. Its almost 4π coverage, as well as 

depth and granularity, make it extraordinarily well suited for jet 
measurements. 

• The calorimeter system consists of a LAr electromagnetic calorimeter, a steel 
scintillator sampling hadronic calorimeter, a LAr hadronic calorimeter, and 
two LAr forward calorimeters. The entire system has coverage out to |η| < 4.9 
[1]. 

Heavy Ion Jet Reconstruction
• Heavy Ion events involve a massive underlying event that requires a unique 

reconstruction procedure [2,3]. 

The subtracted transverse 
energy normalized by the jet 
area as a function of the 
transverse energy deposited in 
the Forward calor imeters 
(FCal) in Pb+Pb collisions at 
5.02 TeV.

The subtracted energy is 
directly related to the energy 
deposited in the FCal.

For |η| < 0.1, up to 150 GeV is 
subtracted for the most central 
collisions [4].
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In the most central collisions, 
flow corrections are at the 
level of ~8%.
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Jet Calibration
• Jet calibration is a multistep process that corrects the jet kinematics. 

• Numerical inversion: Calibration based on simulations of the calorimeters 
energy response (see figure below) [5]. 

•  In situ calibration: Data based 
calibration inherited from pp studies. 
It accounts for differences between 
data and MC and is derived using Z-
jet and !-jet balance studies [5]. 

• Cross calibration: MC and data based 
calibration is applied to HI jets to 
account for differences between the 
HI and pp jet reconstruction software 
[6]. 

• The cross calibration verified in a !-jet 
study (shown on the right) [7].
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Figure 3: Dependence of the reconstructed jet pT on in-time pile-up (a) and out-of-time pile-up (b) at various
correction stages in bins of jet |⌘ | shown with the piecewise linear fit used to define the residual correction. The red
curve shows the application of the residual corrections ↵ in a) and � in b).
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Figure 4: Energy response (a) and bias in the ⌘ reconstruction (b) as a function of ⌘ before calibration for EM scale
anti-kt , R=0.4 jets.All pile-up corrections have been applied, as well as for the position of the hard scatter vertex.

Following the calibration in energy it is found that in specific regions of the detector there is a bias in the
reconstruction of the ⌘ direction of the jet. An additional correction in ⌘ is applied to resolve this bias. It
is antisymmetric and shown as a function of |⌘ | in Fig. 4(b). This bias is also visibly a�ected by the gaps
and transitions in the calorimeters and its correction brings the average reconstructed pT of jets closer to
their truth value.

11

!+jet in situ pT balance in pp data and PYTHIA 8 simulations. The ratio between the leading jet and reference pT shows 
that data and simulation agree within the uncertainties of the cross calibration procedure [7].

Numerical 
Inversion

In situ 
calibration

Cross 
calibration

Performance
• The performance of the jet reconstruction is evaluated by calculating the jet 

energy scale (JES) and jet energy resolution (JER). This is the mean and 
width of the response (pTreco/pTtruth)  in MC samples [3].
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For 5.02 TeV Pb+Pb data, the JES is at ~1% at high pT, and has a small centrality dependence. The JER is largest for 
most central collisions (~16% at 100 GeV, 0 - 10% centrality) and decreases to ~6% for jets with pT > 500 GeV.

Uncertainties
• The cross calibration procedure for HI jets allows the baseline HI JES and 

JER uncertainties to be inherited from the pp jets (shown below) [6]. 

• HI specific JES uncertainties due to 
flavor response, flavor fraction, and 
cross calibration are included [8]. 

• There is an additional centrality 
dependent uncertainty based on jet 
m o d i fi c a t i o n s i n t h e P b + P b 
environment (0.5% in most central 
collisions) [8]. 

• The HI JER uncertainties are derived 
using the relative resolution of HI jets 
to pp jets [6]. 

• The uncertainties on the HI jet spectra 
are shown on the right [3]. 

• The JES has the largest contribution 
( 7 - 10%) to the uncertainty in central Pb+Pb [3].
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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The JES and JER uncertainties estimated for pp 2015 data (25 ns bunch spacing) as 
a function of jet pT for jets of η = 0 [5].
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Figure 1: Measured
P

ET distribution in minimum-bias Pb+Pb collisions at psNN = 5.02 TeV. Alternating shaded
and unshaded regions from the large-

P
ET end of the distribution denote the 0–10%, 10–20%, 20–30%, 30–50%

and 50–80% centrality ranges.

In this analysis, Pb+Pb events within four centrality ranges are considered: 0–10% (largest
P

ET values
and degree of nuclear overlap), 10–20%, 20–30%, 30–50% and 50–80% (smallest

P
ET values and degree

of nuclear overlap). Figure 1 shows the
P

ET distribution in minimum-bias events and the ranges which
correspond to these centrality selections.

Centrality range
P

ET range Npart Ncoll TAA [mb�1]
50–80% 0.0637-0.525 TeV 33.3 ± 1.5 48.3 ± 3.5 0.690 ± 0.046
30–50% 0.525–1.37 TeV 109.2 ± 2.5 265 ± 16 3.79 ± 0.13
20–30% 1.37–2.05 TeV 189.2 ± 2.8 6057 ± 38 8.64 ± 0.17
10–20% 2.05–2.99 TeV 264.1 ± 2.9 1003 ± 66 14.33 ± 0.18
0–10% > 2.99 TeV 358.8 ± 2.3 1635 ± 114 23.35 ± 0.20

Table 1: Geometric parameters and systematic uncertainties in Pb+Pb data.

Mean values of Ncoll and Npart are estimated for these selections, as well as the mean value of the nuclear
overlap function TAA = Ncoll/�NN. To determine a systematic uncertainty on these geometric parameters,
the fit was repeated with variations in the two-component model parameter x by ±0.02 (which resulted
in changes in the e�ciency of ±1%). Variations in the Glauber modelling were used as in Ref. [20]: the
nucleon–nucleon cross-section was varied by ±5 mb, and the Woods-Saxon parameters and minimum
nucleon–nucleon distance were also varied. The results are shown in Table 1.

4. Monte Carlo simulation

Monte Carlo (MC) simulations of
p

s = 5.02 TeV pp photon+jet events were used to understand the
performance of the ATLAS detector and provide the comparison distributions for those measured in pp
and Pb+Pb collisions. The P����� 8 generator [23] with parameters chosen to reproduce observables in
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large UE: R = 0.4 jet → Ajet = 
0.5 

subtract up to 150 GeV from jet 
energy

Jet Energy Scale and its Uncertainties 
using the Heavy Ion Jet Reconstruction 

in pp and Pb+Pb Collisions

The ATLAS Calorimeter System
• ATLAS is a general purpose detector. Its almost 4π coverage, as well as 

depth and granularity, make it extraordinarily well suited for jet 
measurements. 

• The calorimeter system consists of a LAr electromagnetic calorimeter, a steel 
scintillator sampling hadronic calorimeter, a LAr hadronic calorimeter, and 
two LAr forward calorimeters. The entire system has coverage out to |η| < 4.9 
[1]. 

Heavy Ion Jet Reconstruction
• Heavy Ion events involve a massive underlying event that requires a unique 

reconstruction procedure [2,3]. 

The subtracted transverse 
energy normalized by the jet 
area as a function of the 
transverse energy deposited in 
the Forward calor imeters 
(FCal) in Pb+Pb collisions at 
5.02 TeV.

The subtracted energy is 
directly related to the energy 
deposited in the FCal.

For |η| < 0.1, up to 150 GeV is 
subtracted for the most central 
collisions [4].
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T h e e f f e c t o f t h e fl o w 
correction on the jet energy 
scale, as a function of 2|Ψ2 - 
ɸtruth| and 3|Ψ3 - ɸtruth|, for 
different centralities [3].

In the most central collisions, 
flow corrections are at the 
level of ~8%.

|η| < 0.1 1.4 < |η| < 1.5

4.2 < |η| < 4.33.7 < |η| < 3.8

Calorimeter 
towers

Anti-kt 
Algorithm

Jets+ Reconstructed 
HI Jets

Average 
transverse energy 
density: ρ(η, layer)

Flow modulation
(ν2, ν3, ν4)

+

Iterative subtraction
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Jet Calibration
• Jet calibration is a multistep process that corrects the jet kinematics. 

• Numerical inversion: Calibration based on simulations of the calorimeters 
energy response (see figure below) [5]. 

•  In situ calibration: Data based 
calibration inherited from pp studies. 
It accounts for differences between 
data and MC and is derived using Z-
jet and !-jet balance studies [5]. 

• Cross calibration: MC and data based 
calibration is applied to HI jets to 
account for differences between the 
HI and pp jet reconstruction software 
[6]. 

• The cross calibration verified in a !-jet 
study (shown on the right) [7].
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Figure 3: Dependence of the reconstructed jet pT on in-time pile-up (a) and out-of-time pile-up (b) at various
correction stages in bins of jet |⌘ | shown with the piecewise linear fit used to define the residual correction. The red
curve shows the application of the residual corrections ↵ in a) and � in b).
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Figure 4: Energy response (a) and bias in the ⌘ reconstruction (b) as a function of ⌘ before calibration for EM scale
anti-kt , R=0.4 jets.All pile-up corrections have been applied, as well as for the position of the hard scatter vertex.

Following the calibration in energy it is found that in specific regions of the detector there is a bias in the
reconstruction of the ⌘ direction of the jet. An additional correction in ⌘ is applied to resolve this bias. It
is antisymmetric and shown as a function of |⌘ | in Fig. 4(b). This bias is also visibly a�ected by the gaps
and transitions in the calorimeters and its correction brings the average reconstructed pT of jets closer to
their truth value.
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!+jet in situ pT balance in pp data and PYTHIA 8 simulations. The ratio between the leading jet and reference pT shows 
that data and simulation agree within the uncertainties of the cross calibration procedure [7].

Numerical 
Inversion

In situ 
calibration

Cross 
calibration

Performance
• The performance of the jet reconstruction is evaluated by calculating the jet 

energy scale (JES) and jet energy resolution (JER). This is the mean and 
width of the response (pTreco/pTtruth)  in MC samples [3].
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For 5.02 TeV Pb+Pb data, the JES is at ~1% at high pT, and has a small centrality dependence. The JER is largest for 
most central collisions (~16% at 100 GeV, 0 - 10% centrality) and decreases to ~6% for jets with pT > 500 GeV.

Uncertainties
• The cross calibration procedure for HI jets allows the baseline HI JES and 

JER uncertainties to be inherited from the pp jets (shown below) [6]. 

• HI specific JES uncertainties due to 
flavor response, flavor fraction, and 
cross calibration are included [8]. 

• There is an additional centrality 
dependent uncertainty based on jet 
m o d i fi c a t i o n s i n t h e P b + P b 
environment (0.5% in most central 
collisions) [8]. 

• The HI JER uncertainties are derived 
using the relative resolution of HI jets 
to pp jets [6]. 

• The uncertainties on the HI jet spectra 
are shown on the right [3]. 

• The JES has the largest contribution 
( 7 - 10%) to the uncertainty in central Pb+Pb [3].
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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The JES and JER uncertainties estimated for pp 2015 data (25 ns bunch spacing) as 
a function of jet pT for jets of η = 0 [5].
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jet performance

• Jet Energy Scale: ~1% centrality dependence above 100 GeV 
• Jet Energy Resolution: degraded in central collisions wrt pp due to 

underlying event fluctuations
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Figure 1: The left panel shows the JES as a function of ptruth
T and the right panel shows the JER as a function of ptruth

T
in MC samples. Both are for jets with |y | < 2.8. The curves in the right panel show fits to Eq. (1) for pp, and Pb+Pb
in eight centrality intervals (0–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–60%, 60–70%, and 70–80%).

The JER is largest in the more central collisions, as expected from stronger fluctuations of the transverse
energy in the UE. The JER is about 16% for pT = 100 GeV in central collisions and decreases with
increasing pT to 5–6% for jets with pT greater than 500 GeV. The parameters a and c in the fit are found
to be independent of centrality while the values of b are consistent with the expected magnitude of UE
fluctuations.

The jet cross-section in pp collisions, jet yields and RAA in Pb+Pb collisions are measured in the following
absolute rapidity ranges: 0–0.3, 0.3–0.8, 0.8–1.2, 1.2–1.6, 1.6–2.1, 2.1–2.8, and two inclusive intervals,
0–2.1 and 0–2.8. The interval of 0–2.1 is used to make comparisons with the measurement of RAA atp

sNN = 2.76 TeV [9]. The more forward region (|y | > 2.8) is not included in the study due to deterioration
of the jet reconstruction performance. In peripheral collisions and pp collisions, results are reported for
pT > 50 GeV and pT > 40 GeV, respectively. In mid-central collisions and central collisions, results are
reported for pT > 80 GeV and pT > 100 GeV, respectively. A higher value of the minimum jet pT in more
central Pb+Pb collisions, compared to peripheral or pp collisions, was used to reduce the contribution of
jets reconstructed from fluctuations of the underlying events (“UE jets”). These UE jets were removed
by considering the charged-particle tracks with ptrk

T > 4 GeV within �R = 0.4 of the jet and requiring
a minimum value of

Õ
ptrk

T . A threshold of
Õ

ptrk
T = 8 GeV is used throughout the analysis. Thresholds

of
Õ

ptrk
T ranging from 5 to 12 GeV were found to change RAA by much less than 1% in the considered

kinematic region.

The jet pT spectra are unfolded using the iterative Bayesian unfolding method [43] from the RooUnfold
software package [44], which accounts for bin migration due to the jet energy response. The response
matrices used as the input to the unfolding are built from generator-level (truth) jets that are matched to
reconstructed jets in the simulation. The unmatched truth jets are incorporated as an ine�ciency corrected
for after the unfolding. The response matrices were generated separately for pp and Pb+Pb collisions and
for each rapidity and centrality interval. To better represent the data, the response was reweighted along
the truth-jet axis by a data-to-MC ratio. The number of iterations in the unfolding was chosen so that
the result is stable when changing the number of iterations by one. Three iterations were used for pp
collisions while four iterations were used in all the centrality and rapidity intervals for Pb+Pb collisions.
The unfolding procedure was tested by performing a refolding, where the unfolded results were convolved
with the response matrix, and compared with the input spectra. The unfolding procedure was found to
produce stable results.
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jet quenching
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rapidity dependence of RAA
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• why rapidity? 

• fraction of quark jets increases with |y| at 
fixed jet pT 

• quarks jets should lose less energy than 
gluon jets 

• increase RAA with |y| 

• jet pT spectra become steeper with 
increasing |y| 

• decrease RAA with |y|
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XeXe—a first look at lighter ions
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Figure 13: Nuclear modification factor, RAA, as a function of hNparti for selected ranges of pT measured in Xe+Xe
collisions at psNN = 5.44 TeV (closed markers) and in Pb+Pb collisions at 5.02 TeV (open markers). The statistical
uncertainties are shown as the bars, and systematic uncertainties are shown by the brackets. The width of the
brackets represents the systematic uncertainty of hNparti. The lines are to help guide the eye.

 [GeV]     
T
p1 10

   
  

AA
R

0.1

1

0.3

3 30

 PreliminaryATLAS
|<2.5η|

-1, 25 pbpp 
 = 5.02 TeVs

(extrapol. to 5.44 TeV)

-1bµ Xe+Xe, 3 
 = 5.44 TeVNNs

-1 Pb+Pb, 0.49 nb
 = 5.02 TeVNNs

〉partN〈Xe+Xe,   
    5-15%, 194
  30-40%,   84
  55-70%,   24

〉partN〈Pb+Pb,   
  20-30%, 189
  40-50%,   87
  60-80%,   23

Figure 14: Nuclear modification factor, RAA, as a function of pT measured in Xe+Xe collisions at psNN = 5.44 TeV
(closed markers) and in Pb+Pb collisions at 5.02 TeV (open markers). The intervals of comparable hNparti have the
same marker styles. The statistical uncertainties are shown as the bars, and systematic uncertainties are shown by
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XeXe collisions provide a first 
look at the collision system 

dependence at the LHC

first results show that the jet 
modifications are consistent in XeXe & 

PbPb at the same system size 
large uncertainties for Npart < ~50

ATLAS-CONF-2018-007

charged hadrons



what about the structure of the jets in 
PbPb collisions?



calorimeter response to light jets

 10

Jet response 
versus fragmentation

8

Mean jet 

Response (and 
resolution) strongly 
depends on how jet 
fragments!

Difference in response between quark 
and gluon jets in 7 TeV pp data.
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different calorimeter response to quark and gluon jets,  
also different between PYTHIA & HERWIG

Jet Energy Scale and its Uncertainties 
using the Heavy Ion Jet Reconstruction 

in pp and Pb+Pb Collisions

The ATLAS Calorimeter System
• ATLAS is a general purpose detector. Its almost 4π coverage, as well as 

depth and granularity, make it extraordinarily well suited for jet 
measurements. 

• The calorimeter system consists of a LAr electromagnetic calorimeter, a steel 
scintillator sampling hadronic calorimeter, a LAr hadronic calorimeter, and 
two LAr forward calorimeters. The entire system has coverage out to |η| < 4.9 
[1]. 

Heavy Ion Jet Reconstruction
• Heavy Ion events involve a massive underlying event that requires a unique 

reconstruction procedure [2,3]. 

The subtracted transverse 
energy normalized by the jet 
area as a function of the 
transverse energy deposited in 
the Forward calor imeters 
(FCal) in Pb+Pb collisions at 
5.02 TeV.

The subtracted energy is 
directly related to the energy 
deposited in the FCal.

For |η| < 0.1, up to 150 GeV is 
subtracted for the most central 
collisions [4].
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T h e e f f e c t o f t h e fl o w 
correction on the jet energy 
scale, as a function of 2|Ψ2 - 
ɸtruth| and 3|Ψ3 - ɸtruth|, for 
different centralities [3].

In the most central collisions, 
flow corrections are at the 
level of ~8%.
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Jet Calibration
• Jet calibration is a multistep process that corrects the jet kinematics. 

• Numerical inversion: Calibration based on simulations of the calorimeters 
energy response (see figure below) [5]. 

•  In situ calibration: Data based 
calibration inherited from pp studies. 
It accounts for differences between 
data and MC and is derived using Z-
jet and !-jet balance studies [5]. 

• Cross calibration: MC and data based 
calibration is applied to HI jets to 
account for differences between the 
HI and pp jet reconstruction software 
[6]. 

• The cross calibration verified in a !-jet 
study (shown on the right) [7].
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Figure 3: Dependence of the reconstructed jet pT on in-time pile-up (a) and out-of-time pile-up (b) at various
correction stages in bins of jet |⌘ | shown with the piecewise linear fit used to define the residual correction. The red
curve shows the application of the residual corrections ↵ in a) and � in b).
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Figure 4: Energy response (a) and bias in the ⌘ reconstruction (b) as a function of ⌘ before calibration for EM scale
anti-kt , R=0.4 jets.All pile-up corrections have been applied, as well as for the position of the hard scatter vertex.

Following the calibration in energy it is found that in specific regions of the detector there is a bias in the
reconstruction of the ⌘ direction of the jet. An additional correction in ⌘ is applied to resolve this bias. It
is antisymmetric and shown as a function of |⌘ | in Fig. 4(b). This bias is also visibly a�ected by the gaps
and transitions in the calorimeters and its correction brings the average reconstructed pT of jets closer to
their truth value.
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!+jet in situ pT balance in pp data and PYTHIA 8 simulations. The ratio between the leading jet and reference pT shows 
that data and simulation agree within the uncertainties of the cross calibration procedure [7].

Numerical 
Inversion

In situ 
calibration

Cross 
calibration

Performance
• The performance of the jet reconstruction is evaluated by calculating the jet 

energy scale (JES) and jet energy resolution (JER). This is the mean and 
width of the response (pTreco/pTtruth)  in MC samples [3].
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For 5.02 TeV Pb+Pb data, the JES is at ~1% at high pT, and has a small centrality dependence. The JER is largest for 
most central collisions (~16% at 100 GeV, 0 - 10% centrality) and decreases to ~6% for jets with pT > 500 GeV.

Uncertainties
• The cross calibration procedure for HI jets allows the baseline HI JES and 

JER uncertainties to be inherited from the pp jets (shown below) [6]. 

• HI specific JES uncertainties due to 
flavor response, flavor fraction, and 
cross calibration are included [8]. 

• There is an additional centrality 
dependent uncertainty based on jet 
m o d i fi c a t i o n s i n t h e P b + P b 
environment (0.5% in most central 
collisions) [8]. 

• The HI JER uncertainties are derived 
using the relative resolution of HI jets 
to pp jets [6]. 

• The uncertainties on the HI jet spectra 
are shown on the right [3]. 

• The JES has the largest contribution 
( 7 - 10%) to the uncertainty in central Pb+Pb [3].
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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The JES and JER uncertainties estimated for pp 2015 data (25 ns bunch spacing) as 
a function of jet pT for jets of η = 0 [5].
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1 Introduction

Heavy ion collisions at the Large Hadron Collider (LHC) are performed in order to produce and study
the quark-gluon plasma (QGP), a phase of strongly interacting matter which emerges at very high energy
densities; a recent review can be found in Ref. [1]. Measurements of jets and the modifications to their
properties in heavy ion collisions are sensitive to the properties of the QGP. In order to quantify jet
modifications in heavy ion collisions, proton-proton (pp) collisions are often used as a reference system.
Using this reference, the rates of jet production are observed to be reduced in lead-lead (Pb+Pb) collisions
compared to expectations from the jet production cross section measured in pp interactions scaled by
the nuclear thickness function of Pb+Pb collisions [2, 3]. Charged particle longitudinal fragmentation
functions are also observed to be modified in Pb+Pb collisions compared to pp collisions [4, 5].

In addition to final state di↵erences, Pb+Pb collisions also di↵er from pp collisions in the initial state
due to the participation of the lead nucleus in the collision. Proton-nucleus collisions are used to pro-
vide measurements of modifications from pp collisions that would be present in the initial conditions of
Pb+Pb collisions as well. The inclusive jet production rate in proton-lead (p+Pb) collisions at 5.02 TeV
was measured [6–8] and found to have only small modifications after accounting for the partonic over-
lap in p+Pb compared to pp collisions. Measurements made at the Relativistic Heavy Ion Collider with
deuteron-gold collisions yield similar results [9]. At high pT, charged hadrons originate from the frag-
mentation of jets and provide a complementary observable to reconstructed jets. The CMS collaboration
observes a small excess in the charged particle spectrum measured in p+Pb for pT > 20 GeV compared
to pp collisions [10]. It is of great interest to measure the charged particle fragmentation functions in
p+Pb and pp collisions for di↵erent intervals of jet pT at the LHC to connect the jet and charged particle
results. These measurements are necessary to both determine modifications to jet fragmentation in p+Pb
collisions and to establish a reference for jet fragmentation measurements in Pb+Pb.

In this note, the jet momentum structure in pp and p+Pb collisions is studied using the distributions of
charged particles associated with jets which have a transverse momentum in the range 45–260 GeV. Jets
are reconstructed with the anti-kt algorithm [11] using a distance parameter R = 0.4. The association
is done via an angular matching �R < 0.41, where �R is the angular distance between the jet axis and
the charged particle position. Results on fragmentation functions are presented as a function of both,
the charged particle transverse momentum with respect to the beam direction, pT, and the longitudinal
momentum fraction with respect to the jet direction, z ⌘ pT cos�R / p

jet
T :

D(pT) ⌘ 1
Njet

dNch

dpT
, (1)

and
D(z) ⌘ 1

Njet

dNch

dz
, (2)

where Nch is the number of charged particles and Njet is the number of jets under consideration. The
D(pT) distributions are the transverse momentum spectra of charged particles within a jet without the

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y axis points
upward. Cylindrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of

�R ⌘
q

(�⌘)2 + (��)2.
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how do the particles in the jet carry its momentum?

1 Introduction

Ultra-relativistic nuclear collisions at the LHC produce a hot dense matter; a recent review can be found in
Ref. [1]. Hard scattering processes occurring in these collisions produce jets which traverse and interact
with the matter. The rates of jet production are observed to be reduced in lead-lead (Pb+Pb) collisions
at psNN = 2.76 TeV compared to expectations from the jet production cross sections measured in pp
interactions scaled by the nuclear thickness function of Pb+Pb collisions [2–4]. This reduction is termed
“jet-quenching" and is due to the constituents of the parton shower being scattered by the constituents of
the matter. In order to further understand this process, modifications to the internal structure of jets are
measured. Charged particle longitudinal fragmentation functions are observed to be modified in 2.76 TeV
Pb+Pb collisions compared to pp collisions [5–7]. Jets in Pb+Pb collisions are found to have an excess of
particles with transverse momentum (pT) below 4 GeV and an excess of particles carrying a large fraction
of the jet transverse momentum. In between these two excesses there is a suppression of the charged
particle yield. A similar excess of low pT particles is observed for particles in a wide region around the
jet cone [8]. These observations suggest that the energy lost by jets through the jet quenching process is
being transferred to soft particles within and around the jet. A possible explanation of the enhancement
of particles carrying a large fraction of the jet momentum is that it is due to the di↵erent expected energy
loss from quark and gluon initiated jets [9].

In this note, the measurement of jet fragmentation functions in Pb+Pb collisions is extended to collisions
at psNN = 5.02 TeV using data collected in 2015. These data extend the previous measurements in
two ways. First, an increase in the peak energy density of the medium is expected. Second, there is a
large increase in the number of jets available. The luminosity of Pb+Pb collisions at 5.02 TeV recorded
by ATLAS is 0.49 nb�1. This is 3.5 times the luminosity available at 2.76 TeV and the increase in
the collision energy also increases the jet cross sections. This enables the possibility to measure the
dependence of the jet fragmentation on the transverse momentum of the jet (pjet

T ) over a wider range than
was possible previously.

Jets are reconstructed with the anti-kt algorithm [10] using distance parameter R = 0.4. The association
between tracks and jets is done via an angular matching �R < 0.4, where �R =

p
�⌘2 + ��2 with �⌘ and

�� defined as the distances between the jet axis and the charged particle direction in pseudorapidity and
azimuth,1 respectively. Results are presented as a function of both charged particle transverse momentum
with respect to the beam direction, ptrk

T , and longitudinal momentum fraction relative to the jet z ⌘
ptrk

T cos�R / pjet
T and are written as:

D(z) ⌘ 1
Njet

dNch

dz
, (1)

and
D(pT) ⌘ 1

Njet

dNch

dptrk
T

, (2)

where Nch is the number of charged particles and Njet is the number of jets under consideration.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y axis points upward.
Cylindrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as y = 0.5 ln E+pz

E�pz
where

E and pz are the energy and the component of the momentum along the beam direction.

2

and
D(pT) ⌘

1
Njet

dnch
dpT
,

where pjet
T is the transverse momentum of the jet, nch is the number of charged particles in the jet, Njet is the

number of jets under consideration, and �R =
p
(�⌘)2 + (��)2 with �⌘ and �� defined as the di�erences

between the jet axis and the charged-particle direction in pseudorapidity and azimuth,1 respectively. In
order to quantify di�erences between Pb+Pb and pp collisions at the same collision energy, the ratios of
the fragmentation functions are measured:

RD(z) ⌘
D(z)PbPb
D(z)pp

,

and
RD(pT) ⌘

D(pT)PbPb
D(pT)pp

.

Relative to jets in pp collisions, it was found in Ref. [13] that jets in Pb+Pb collisions have an excess of
particles with transverse momentum below 4 GeV and an excess of particles carrying a large fraction of
the jet transverse momentum. At intermediate charged-particle pT, there is a suppression of the charged-
particle yield. At the same time, an excess of low-pT particles is observed for particles in a wide region
around the jet cone [14, 15]. These observations may indicate that the energy lost by jets through the jet
quenching process is being transferred to soft particles within and around the jet [16, 17]; measurements
of these soft particles have the potential to constrain the models describing such processes. A possible
explanation for the enhancement of particles carrying a large fraction of the jet momentum is that it is
related to the gluon-initiated jets losing more energy than quark-initiated jets. This leads to a higher
quark-jet fraction in Pb+Pb collisions than in pp collisions. The change in flavor composition, combined
with the di�erent shapes of the quark and gluon fragmentation functions [18] then lead to the observed
excess.

Proton–nucleus collisions, which do not generate a large amount of QGP, are used to di�erentiate between
initial- and final-state e�ects due to the QGP formed in Pb+Pb collisions. Fragmentation functions in
p+Pb collisions show no evidence of modification when compared with those in pp collisions [19]. Thus,
any modifications observed in Pb+Pb collisions can be attributed to the presence of the QGP rather than
to e�ects arising from the presence of the large nucleus.

The rapidity dependence of jet observables in Pb+Pb collisions is of great interest, in part because at
fixed pjet

T the fraction of quark jets increases with increasing |yjet | (see, for example, Refs. [18, 20]).
This makes the rapidity dependence of jet observables potentially sensitive to the di�erent interactions of
quarks and gluons with the QGP. Previous measurements of the rapidity dependence of jet fragmentation
functions at psNN = 2.76 TeV in Pb+Pb collisions found a rapidity dependence of the fragmentation
function modification with limited significance [13].

In this paper, the fragmentation functions and the RD(z) and RD(pT) ratios are measured in Pb+Pb and pp
collisions at 5.02 TeV using 0.49 nb�1 of Pb+Pb collisions and 25 pb�1 of pp collisions collected in 2015.

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, �) are used in the transverse plane, � being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as
y = 0.5 ln[(E + pz )/(E � pz )] where E and pz are the energy and the component of the momentum along the beam direction.

3
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Figure 3: Ratios Dsub(z)/D(z) (left) and Dsub(pch
T )/D(pT) (right) for pp and 0–10% central Pb+Pb collisions for

126 < pjet
T < 158 GeV (top) and 251 < pjet

T < 316 GeV (bottom) for |yjet | < 2.1. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties in the unfolding procedure.

to the unfolded D(z) and D(pT) distributions are shown in Figure 3 for pp collisions and 0–10% central
Pb+Pb collisions. The magnitude of the unfolding e�ect varies as a function of pjet

T , pch
T , and centrality.

The e�ect of the unfolding is similar in pp and Pb+Pb collisions at low z and pT, but for higher-momentum
particles within the jet, the e�ect of the unfolding in pp and Pb+Pb collisions di�ers by up to 25% between
the two collision systems for 126 < pjet

T < 158 GeV. This di�erence is due to UE fluctuations, which
lead to poorer jet energy resolution in Pb+Pb collisions than in pp collisions. With increasing pjet

T , the
e�ect of UE fluctuations decreases; for 251 < pjet

T < 316 GeV the e�ect of the unfolding is similar in
Pb+Pb and pp collisions at all value of z and pT. The e�ect of the unfolding is larger at high z and pT
due to the steepness of the fragmentation function near z = 1. The shaded boxes in Figure 3 show the
size of systematic uncertainties associated with the unfolding which originate from the sensitivity of the
unfolding to the shape of input MC distributions, as described in the next section.

6 Systematic uncertainties

The following sources of systematic uncertainty are considered: the jet energy scale (JES), the jet energy
resolution (JER), the sensitivity of the unfolding to the prior, the residual non-closure of the analysis
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Figure 3: Ratios Dsub(z)/D(z) (left) and Dsub(pch
T )/D(pT) (right) for pp and 0–10% central Pb+Pb collisions for

126 < pjet
T < 158 GeV (top) and 251 < pjet

T < 316 GeV (bottom) for |yjet | < 2.1. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties in the unfolding procedure.

to the unfolded D(z) and D(pT) distributions are shown in Figure 3 for pp collisions and 0–10% central
Pb+Pb collisions. The magnitude of the unfolding e�ect varies as a function of pjet

T , pch
T , and centrality.

The e�ect of the unfolding is similar in pp and Pb+Pb collisions at low z and pT, but for higher-momentum
particles within the jet, the e�ect of the unfolding in pp and Pb+Pb collisions di�ers by up to 25% between
the two collision systems for 126 < pjet

T < 158 GeV. This di�erence is due to UE fluctuations, which
lead to poorer jet energy resolution in Pb+Pb collisions than in pp collisions. With increasing pjet

T , the
e�ect of UE fluctuations decreases; for 251 < pjet

T < 316 GeV the e�ect of the unfolding is similar in
Pb+Pb and pp collisions at all value of z and pT. The e�ect of the unfolding is larger at high z and pT
due to the steepness of the fragmentation function near z = 1. The shaded boxes in Figure 3 show the
size of systematic uncertainties associated with the unfolding which originate from the sensitivity of the
unfolding to the shape of input MC distributions, as described in the next section.

6 Systematic uncertainties

The following sources of systematic uncertainty are considered: the jet energy scale (JES), the jet energy
resolution (JER), the sensitivity of the unfolding to the prior, the residual non-closure of the analysis
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Figure 3: Ratios Dsub(z)/D(z) (left) and Dsub(pch
T )/D(pT) (right) for pp and 0–10% central Pb+Pb collisions for

126 < pjet
T < 158 GeV (top) and 251 < pjet

T < 316 GeV (bottom) for |yjet | < 2.1. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties in the unfolding procedure.

to the unfolded D(z) and D(pT) distributions are shown in Figure 3 for pp collisions and 0–10% central
Pb+Pb collisions. The magnitude of the unfolding e�ect varies as a function of pjet

T , pch
T , and centrality.

The e�ect of the unfolding is similar in pp and Pb+Pb collisions at low z and pT, but for higher-momentum
particles within the jet, the e�ect of the unfolding in pp and Pb+Pb collisions di�ers by up to 25% between
the two collision systems for 126 < pjet

T < 158 GeV. This di�erence is due to UE fluctuations, which
lead to poorer jet energy resolution in Pb+Pb collisions than in pp collisions. With increasing pjet

T , the
e�ect of UE fluctuations decreases; for 251 < pjet

T < 316 GeV the e�ect of the unfolding is similar in
Pb+Pb and pp collisions at all value of z and pT. The e�ect of the unfolding is larger at high z and pT
due to the steepness of the fragmentation function near z = 1. The shaded boxes in Figure 3 show the
size of systematic uncertainties associated with the unfolding which originate from the sensitivity of the
unfolding to the shape of input MC distributions, as described in the next section.

6 Systematic uncertainties

The following sources of systematic uncertainty are considered: the jet energy scale (JES), the jet energy
resolution (JER), the sensitivity of the unfolding to the prior, the residual non-closure of the analysis
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Figure 6: Fragmentation functions, D(z) (left) and D(pT) (right), in pp collisions measured in five pjet
T ranges from

126 to 398 GeV. The vertical bars on the data points indicate statistical uncertainties, while the shaded bands
indicate systematic uncertainties. In most cases, the statistical uncertainties are smaller than the marker size.
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and
D(pT) ⌘

1
Njet

dnch
dpT
,

where pjet
T is the transverse momentum of the jet, nch is the number of charged particles in the jet, Njet is the

number of jets under consideration, and �R =
p
(�⌘)2 + (��)2 with �⌘ and �� defined as the di�erences

between the jet axis and the charged-particle direction in pseudorapidity and azimuth,1 respectively. In
order to quantify di�erences between Pb+Pb and pp collisions at the same collision energy, the ratios of
the fragmentation functions are measured:

RD(z) ⌘
D(z)PbPb
D(z)pp

,

and
RD(pT) ⌘

D(pT)PbPb
D(pT)pp

.

Relative to jets in pp collisions, it was found in Ref. [13] that jets in Pb+Pb collisions have an excess of
particles with transverse momentum below 4 GeV and an excess of particles carrying a large fraction of
the jet transverse momentum. At intermediate charged-particle pT, there is a suppression of the charged-
particle yield. At the same time, an excess of low-pT particles is observed for particles in a wide region
around the jet cone [14, 15]. These observations may indicate that the energy lost by jets through the jet
quenching process is being transferred to soft particles within and around the jet [16, 17]; measurements
of these soft particles have the potential to constrain the models describing such processes. A possible
explanation for the enhancement of particles carrying a large fraction of the jet momentum is that it is
related to the gluon-initiated jets losing more energy than quark-initiated jets. This leads to a higher
quark-jet fraction in Pb+Pb collisions than in pp collisions. The change in flavor composition, combined
with the di�erent shapes of the quark and gluon fragmentation functions [18] then lead to the observed
excess.

Proton–nucleus collisions, which do not generate a large amount of QGP, are used to di�erentiate between
initial- and final-state e�ects due to the QGP formed in Pb+Pb collisions. Fragmentation functions in
p+Pb collisions show no evidence of modification when compared with those in pp collisions [19]. Thus,
any modifications observed in Pb+Pb collisions can be attributed to the presence of the QGP rather than
to e�ects arising from the presence of the large nucleus.

The rapidity dependence of jet observables in Pb+Pb collisions is of great interest, in part because at
fixed pjet

T the fraction of quark jets increases with increasing |yjet | (see, for example, Refs. [18, 20]).
This makes the rapidity dependence of jet observables potentially sensitive to the di�erent interactions of
quarks and gluons with the QGP. Previous measurements of the rapidity dependence of jet fragmentation
functions at psNN = 2.76 TeV in Pb+Pb collisions found a rapidity dependence of the fragmentation
function modification with limited significance [13].

In this paper, the fragmentation functions and the RD(z) and RD(pT) ratios are measured in Pb+Pb and pp
collisions at 5.02 TeV using 0.49 nb�1 of Pb+Pb collisions and 25 pb�1 of pp collisions collected in 2015.

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, �) are used in the transverse plane, � being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as
y = 0.5 ln[(E + pz )/(E � pz )] where E and pz are the energy and the component of the momentum along the beam direction.

3
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Figure 3: Ratios Dsub(z)/D(z) (left) and Dsub(pch
T )/D(pT) (right) for pp and 0–10% central Pb+Pb collisions for

126 < pjet
T < 158 GeV (top) and 251 < pjet

T < 316 GeV (bottom) for |yjet | < 2.1. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties in the unfolding procedure.

to the unfolded D(z) and D(pT) distributions are shown in Figure 3 for pp collisions and 0–10% central
Pb+Pb collisions. The magnitude of the unfolding e�ect varies as a function of pjet

T , pch
T , and centrality.

The e�ect of the unfolding is similar in pp and Pb+Pb collisions at low z and pT, but for higher-momentum
particles within the jet, the e�ect of the unfolding in pp and Pb+Pb collisions di�ers by up to 25% between
the two collision systems for 126 < pjet

T < 158 GeV. This di�erence is due to UE fluctuations, which
lead to poorer jet energy resolution in Pb+Pb collisions than in pp collisions. With increasing pjet

T , the
e�ect of UE fluctuations decreases; for 251 < pjet

T < 316 GeV the e�ect of the unfolding is similar in
Pb+Pb and pp collisions at all value of z and pT. The e�ect of the unfolding is larger at high z and pT
due to the steepness of the fragmentation function near z = 1. The shaded boxes in Figure 3 show the
size of systematic uncertainties associated with the unfolding which originate from the sensitivity of the
unfolding to the shape of input MC distributions, as described in the next section.

6 Systematic uncertainties

The following sources of systematic uncertainty are considered: the jet energy scale (JES), the jet energy
resolution (JER), the sensitivity of the unfolding to the prior, the residual non-closure of the analysis
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Figure 3: Ratios Dsub(z)/D(z) (left) and Dsub(pch
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T < 158 GeV (top) and 251 < pjet

T < 316 GeV (bottom) for |yjet | < 2.1. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties in the unfolding procedure.

to the unfolded D(z) and D(pT) distributions are shown in Figure 3 for pp collisions and 0–10% central
Pb+Pb collisions. The magnitude of the unfolding e�ect varies as a function of pjet

T , pch
T , and centrality.

The e�ect of the unfolding is similar in pp and Pb+Pb collisions at low z and pT, but for higher-momentum
particles within the jet, the e�ect of the unfolding in pp and Pb+Pb collisions di�ers by up to 25% between
the two collision systems for 126 < pjet

T < 158 GeV. This di�erence is due to UE fluctuations, which
lead to poorer jet energy resolution in Pb+Pb collisions than in pp collisions. With increasing pjet

T , the
e�ect of UE fluctuations decreases; for 251 < pjet

T < 316 GeV the e�ect of the unfolding is similar in
Pb+Pb and pp collisions at all value of z and pT. The e�ect of the unfolding is larger at high z and pT
due to the steepness of the fragmentation function near z = 1. The shaded boxes in Figure 3 show the
size of systematic uncertainties associated with the unfolding which originate from the sensitivity of the
unfolding to the shape of input MC distributions, as described in the next section.

6 Systematic uncertainties

The following sources of systematic uncertainty are considered: the jet energy scale (JES), the jet energy
resolution (JER), the sensitivity of the unfolding to the prior, the residual non-closure of the analysis
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collisions compared to pp collisions, the di�erence between the two distributions is evaluated for the pjet
T

and centrality intervals used in this analysis:

Nch |cent ⌘
π pT,max

pT,min

�
D(pT)|cent � D(pT)|pp

�
dpT,

where “cent” represents one of the six centrality intervals, and the values of pT,min and pT,max are boundaries
of the low pT enhancement region, chosen to be 1.0 and 4.2 GeV, respectively. In addition, the pT-weighted
di�erence between the same quantities is also computed:

Pch
T |cent ⌘

π pT,max

pT,min

�
D(pT)|cent � D(pT)|pp

�
pTdpT.

The Pch
T |cent represents the total transverse momentum carried by particles in the low pT enhancement

region. The dependence of Nch |cent and Pch
T |cent on pjet

T and centrality is presented in Figure 23. Overall,
both quantities are found to increase as a function of pjet

T and collision centrality. In the most central
collisions, Nch increases from approximately 1.5 to 2.0 particles over the pjet

T range of this measurement.
The amount of transverse momentum carried by these particles increases from approximately 2.5 GeV
to 4 GeV over the same pjet

T range. In peripheral collisions, the number of particles contributing to
the enhancement is much smaller, approximately 0.2 particles carrying less than 0.5 GeV of transverse
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Abstract

Results are presented from a phenomenological analysis of recent measurements of jet suppression and
modifications of jet fragmentation functions in Pb+Pb collisions at the LHC. Particular emphasis is placed
on the impact of the di↵erences between quark and gluon jet quenching on the transverse momentum (pjetT )
dependence of the jet RAA and on the fragmentation functions, D(z). Primordial quark and gluon parton
distributions were obtained from PYTHIA8 and were parameterized using simple power-law functions and
extensions to the power-law function which were found to better describe the PYTHIA8 parton spectra.
A simple model for the quark energy loss based on the shift formalism is used to model RAA and D(z) using
both analytic results and using direct Monte-Carlo sampling of the PYTHIA parton spectra. The model is
capable of describing the full pjetT , rapidity, and centrality dependence of the measured jet RAA using three
e↵ective parameters. A key result from the analysis is that the D(z) modifications observed in the data,
excluding the enhancement at low-z, may result primarily from the di↵erent quenching of the quarks and
gluons. The model is also capable of reproducing the charged hadron RAA at high transverse momentum.
Predictions are made for the jet RAA at large rapidities where it has not yet been measured and for the
rapidity dependence of D(z).

1. Introduction

Measurements of jet production and jet proper-
ties in ultra-relativistic nuclear collisions provide
an important tool to study the properties of quark
gluon plasma created in the collisions. High-energy
quarks and gluons produced in hard-scattering pro-
cesses can interact with and lose energy while prop-
agating in the plasma. Those interactions can
both reduce the energy of the jets that result from
the fragmentation of the quarks and gluons and
change the properties of the jets. These and other
“medium” modifications of the parton showers ini-
tiated by the hard scattering [1, 2] are frequently
collectively referred to as “jet quenching”.

Jet quenching was first observed at the LHC
through the observation of highly asymmetric dijet
pairs [3] that result when the two jets lose di↵erent
amounts of energy in plasma. Since dijet pairs for
which both jets lose similar energy or, more gener-
ally, have similar modifications will appear “sym-
metric”, other observables are needed to probe the
e↵ects of quenching on the typical jet. Measure-
ments of the suppression of the hadron spectrum

resulting from the energy loss of the parent jets
have been carried out at both RHIC [4–6] and the
LHC [7–9]. These show a suppression that at the
LHC varies from a factor ⇠ 5 for hadron trans-
verse momentum (pT) values ⇠ 10 GeV to a fac-
tor of ⇠ 2 for pT & 50 GeV. Most jet quenching
calculations that attempt to infer medium proper-
ties such as the quenching transport parameter, q̂,
(see e.g. [10] and references therein) have relied on
the single hadron suppression results because of the
theoretical simplicity in calculating single hadron
spectra. However, the single hadron measurements
have only indirect sensitivity to the kinematics of
the parent parton and little sensitivity to the details
of the modification of the parton shower.

Recent measurements of the suppression of the
jet yield in 2.76 TeV Pb+Pb collisions at the LHC
[11] are expected to provide a more sensitive probe
of the physics of jet quenching at least through
the improved correlation between the measured jet
and the parent parton (shower) kinematics. Recent
measurements of the jet nuclear modification fac-
tor, RAA, for high transverse momentum jets show
a factor of ⇠ 2 suppression in the jet yield that
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where are the particles in and around the jet?

  

Track-to-jet correlations 

4

ATLAS measurements at 2 different energies and 3 colliding systems:

 

 

pp@5TeV & 2.76TeV p+Pb@5TeV Pb+Pb@5TeV & 2.76TeV

Measurement of fragmentation functions (FF):

   

, where

where r < 0.6

r

1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot, dense matter called
the quark-gluon plasma, QGP (see Refs. [1, 2] for recent reviews). Hard-scattering processes occurring in
these collisions produce jets which traverse and interact with the QGP. The comparison between the rates
and the characteristics of these jets when produced in heavy-ion or pp collisions provides information on
the properties of the QGP.

Jets with large transverse momenta are observed to be producted in central lead-lead (Pb+Pb) collisions
at the LHC at a rate that is reduced by a factor of two with respect to the expectation from these cross
sections measured in pp interactions, re-scaled by the nuclear overlap function of Pb+Pb collisions [3–5].
Similarly, back-to-back dijet [6–8] and photon-jet pairs [9] are observed to have unbalanced transverse
momenta in Pb+Pb collisions compared to pp collisions. These observations suggest that some of the
energy from the hard-scattered parton is transferred outside of the jet through its interaction with the
QGP.

Also of interest are measurements sensitive to the distributions of particles within the jet. Measurements
of the jet shape [10] and the longitudinal fragmentation functions [11–13] were performed in 2.76 TeV
Pb+Pb collisions. These measurements show an excess of both low and high momentum particles inside
the jet compared to pp collisions. Particles carrying a large fraction of the jet momentum are generally
closely aligned with the jet axis, whereas low momentum particles can have a much broader angular
distribution extending outside the jet [14, 15]. Fragmentation function measurements have shown that
particles with transverse momentum, pT, less than 4 GeV are enhanced in Pb+Pb collisions compared
to pp collisions [13]. These observations suggest that the energy lost by jets through the jet-quenching
process is being transferred to soft particles within and around the jet [16, 17]. Measurements of yields
of these particles as a function of transverse momentum and distance between the particle and the jet axis
have a potential to constrain the models of jet energy loss processes in Pb+Pb collisions.

This note presents a measurement of charged particle pT distributions inside and around jets. The measured
yields are defined as1:

D(pT, r) =
1

Njet

1
2⇡r

d2nch(r)
drdpT

, (1)

where Njet is the total number of jets; 2⇡rdr is the area of the annulus at a given distance r from the jet
axis, where r =

p
�⌘2 + ��2 (�⌘ and �� are the relative di�erences between the charged particle and

the jet axis, in pseudorapidity and azimuth respectively) and dr is the width of the annulus; nch(r) is the
number of charged particles within a given annulus. The ratios of the charged-particle yields measured in
Pb+Pb and pp collisions,

RD(pT,r ) =
D(pT, r)Pb+Pb

D(pT, r)pp
(2)

allow evaluating the di�erences between the two yields.

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, �) are used the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = �ln tan(✓/2). Transverse momentum and transverse energy are defined as
pT = p sin ✓ and ET = E sin ✓, respectively. �R =

q
(�⌘)2 + (��)2 gives the angular distance between two objects with

relative di�erences �⌘ and �� in pseudorapidity and azimuth respectively.
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Figure 4: Closed symbols show D(pT, r) distributions in 0–10% (left) and 60–80% (right) Pb+Pb as a function
of angular distance r for pjet

T of 126 to 158 GeV (top) and of 200 to 251 GeV (bottom) for four pT selections.
Open symbols show D(pT, r) distributions in pp collisions. The vertical bars on the data points indicate statistical
uncertainties while the shaded boxes indicate systematic uncertainties. There are no uncertainties on the r values,
the finite widths of the shaded boxes are purely aesthetic.
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radial dependence of low pT particles

• pT < 4 GeV: broader angular 
distribution in PbPb 

• pT > 4 GeV: narrower angular 
distribution in PbPb
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Figure 5: Ratios of D(pT, r) distributions in 0–10% (left) and 60–80% (right) Pb+Pb collisions to pp collisions as a
function of angular distance r for pjet

T of 126 to 158 GeV (top) and of 200 to 251 GeV (bottom) for six pT selections.
The vertical bars on the data points indicate statistical uncertainties while the shaded boxes indicate systematic
uncertainties. There are no uncertainties on the r values, the finite widths of the shaded boxes are purely aesthetic.
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modifications grow with radius within the jet cone
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why jet mass in PbPb collisions?

 19

m/pT related to the angular width of 
the jet

physics question: how are the parton showers resolved by the QGP? 

experimental question: how does RAA depend on m/pT?



m/pT distributions: PbPb & pp collisions
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Figure 7: Jet yields in Pb+Pb collisions as a function of m/pT measured in 0–10%, 30–40%, and 60–80% centrality
intervals for di�erent intervals of jet pT. The boxes indicate systematic uncertainties, vertical error bars represent
statistical uncertainties.
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Figure 6: (Left) Di�erential cross sections as a function of m/pT in pp collisions and in P�����+P�����8 MC
simulation. The distribution from P�����+P�����8 MC sample is normalized to have the same integral as the data.
(Right) The ratio of di�erential cross sections in P�����+P�����8 to those in pp collisions. The boxes indicate
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R = 0.4 anti-kt jets

jet constituents 
0.1x0.1 towers 

no soft drop
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Figure 8: RAA as a function of m/pT measured in 0–10%, 30–40%, and 60–80% centrality bins for di�erent interval
of pT. The black boxes centered at one represent the fractional uncertainty on pp luminosity (5.4%) and on hTAAi.
The yellow boxes indicate systematic uncertainties, vertical error bars represent statistical uncertainties.
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• over a wide kinematic & centrality 
range, no significant modification to 
m/pT observed 

• experimental goals:  

• reducing the systematic 
uncertainties 

• also: rapidity dependence to 
change the quark/gluon fractions

ATLAS-CONF-2018-014

R = 0.4 anti-kt jets
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Figure 22: RD(z) for three pjet
T ranges: 126–158 GeV (circles), 200–251 GeV (diamonds) and 316–398 GeV (crosses)

compared with calculations from the SCET model [52, 53].

calculations are consistent with the data for jets with |yjet | < 1.2 with larger deviations in rapidity interval
1.2 < |yjet | < 2.1.
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Figure 9: Photon–jet pT-balance distributions (1/N�)(dN/dxJ�) in pp collisions for (left) p�T = 63.1–79.6 GeV and
(right) p�T = 100–158 GeV. The unfolded results are compared with the theoretical calculations shown as dashed
coloured lines (see text). Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
as vertical bars.
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Figure 10: Photon–jet pT-balance distributions (1/N�)(dN/dxJ�) in 0–10% Pb+Pb collisions for (left) p�T = 63.1–
79.6 GeV and (right) p�T = 100–158 GeV. The unfolded results are compared with the theoretical calculations
shown as dashed coloured lines denoting central values or coloured bands which correspond to a range of theoretical
parameters (see text). Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown as
vertical bars.

Carlo event generator which simulates QCD jet evolution in heavy-ion collisions and includes energy-
loss e�ects from radiative and elastic scattering processes [25], and (4) the Hybrid Strong/Weak Coupling
model [26] which combines initial production using P����� with a parameterisation of energy loss derived
from holographic methods, and includes back-reaction e�ects.

Figures 9 and 10 compare a selection of the measured xJ� distributions with the results of these theoretical
predictions. Before testing the description of energy-loss e�ects in Pb+Pb events, the predicted xJ�
distributions are first compared with pp data in Figure 9. The Hybrid model and JEWEL, which use
P����� for the photon–jet production in vacuum, give a good description of pp events over the measured
xJ� range in both p�T intervals shown. The BDMPS-Z and SCETG perturbative calculations capture the
general features but predict distributions that are more and less peaked, respectively, than those in data.
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Figure 25: Comparison of the measured ratio of the rapidity-selected RD(z) distributions to the RD(z) distributions
measured in |yjet | < 0.3 and the same quantity evaluated in the hybrid model [48] for Rres = 3 and in the EQ
model [18]. The comparison with the hybrid model is done for three pjet

T ranges in 0–10% central collisions. The
comparison with the EQ model is shown for 126–158 GeV pjet

T interval. The vertical bars on the data points indicate
statistical uncertainties while the shaded bars indicate systematic uncertainties. The band represents the statistical
uncertainty of the calculations.
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Figure 25: Comparison of the measured ratio of the rapidity-selected RD(z) distributions to the RD(z) distributions
measured in |yjet | < 0.3 and the same quantity evaluated in the hybrid model [48] for Rres = 3 and in the EQ
model [18]. The comparison with the hybrid model is done for three pjet

T ranges in 0–10% central collisions. The
comparison with the EQ model is shown for 126–158 GeV pjet

T interval. The vertical bars on the data points indicate
statistical uncertainties while the shaded bars indicate systematic uncertainties. The band represents the statistical
uncertainty of the calculations.
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some theory comparisons
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calculations are consistent with the data for jets with |yjet | < 1.2 with larger deviations in rapidity interval
1.2 < |yjet | < 2.1.
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Carlo event generator which simulates QCD jet evolution in heavy-ion collisions and includes energy-
loss e�ects from radiative and elastic scattering processes [25], and (4) the Hybrid Strong/Weak Coupling
model [26] which combines initial production using P����� with a parameterisation of energy loss derived
from holographic methods, and includes back-reaction e�ects.

Figures 9 and 10 compare a selection of the measured xJ� distributions with the results of these theoretical
predictions. Before testing the description of energy-loss e�ects in Pb+Pb events, the predicted xJ�
distributions are first compared with pp data in Figure 9. The Hybrid model and JEWEL, which use
P����� for the photon–jet production in vacuum, give a good description of pp events over the measured
xJ� range in both p�T intervals shown. The BDMPS-Z and SCETG perturbative calculations capture the
general features but predict distributions that are more and less peaked, respectively, than those in data.

16

 [GeV]     
T
p1 10

   
  

AA
R

0.1

1

0.3

3 30

 PreliminaryATLAS
|<2.5η|

-1, 25 pbpp 
 = 5.02 TeVs

(extrapol. to 5.44 TeV)

-1bµ Xe+Xe, 3 
 = 5.44 TeVNNs

 medium evolution, 0-10%G SCET
 Xe+Xe, 0-10%

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6
0.8

1
1.2
1.4

Data
Hybrid model
EQ model

 < 158 GeV   0 - 10 %jet
T

p126 < 
|<0.3jet y|<0.8 / |jet y0.3<|

ATLAS

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6
0.8

1
1.2
1.4

 < 200 GeV   0 - 10 %jet
T

p158 < 

|<0.3jet y|<0.8 / |jet y0.3<|

= 5.02 TeVNNs
=0.4R tkanti-

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6
0.8

1
1.2
1.4

 < 251 GeV   0 - 10 %jet
T

p200 < 

|<0.3jet y|<0.8 / |jet y0.3<|

-1 Pb+Pb  2015, 0.49 nb-1  2015, 25 pbpp 

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 
0.6
0.8

1
1.2
1.4

 < 158 GeV   0 - 10 %jet
T

p126 < 

|<0.3jet y|<1.2 / |jet y0.8<|

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6
0.8

1
1.2
1.4

 < 200 GeV   0 - 10 %jet
T

p158 < 

|<0.3jet y|<1.2 / |jet y0.8<|

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6
0.8

1
1.2
1.4

 < 251 GeV   0 - 10 %jet
T

p200 < 

|<0.3jet y|<1.2 / |jet y0.8<|

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6

0.8
1

1.2
1.4

 < 158 GeV   0 - 10 %jet
T

p126 < 

|<0.3jet y|<2.1 / |jet y1.2<|

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6

0.8
1

1.2
1.4

 < 200 GeV   0 - 10 %jet
T

p158 < 

|<0.3jet y|<2.1 / |jet y1.2<|

z
2−10 1−10 1

D
(z

)
R

R
at

io
 o

f 

0.6

0.8
1

1.2
1.4

 < 251 GeV   0 - 10 %jet
T

p200 < 

|<0.3jet y|<2.1 / |jet y1.2<|

Figure 25: Comparison of the measured ratio of the rapidity-selected RD(z) distributions to the RD(z) distributions
measured in |yjet | < 0.3 and the same quantity evaluated in the hybrid model [48] for Rres = 3 and in the EQ
model [18]. The comparison with the hybrid model is done for three pjet

T ranges in 0–10% central collisions. The
comparison with the EQ model is shown for 126–158 GeV pjet

T interval. The vertical bars on the data points indicate
statistical uncertainties while the shaded bars indicate systematic uncertainties. The band represents the statistical
uncertainty of the calculations.
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Figure 25: Comparison of the measured ratio of the rapidity-selected RD(z) distributions to the RD(z) distributions
measured in |yjet | < 0.3 and the same quantity evaluated in the hybrid model [48] for Rres = 3 and in the EQ
model [18]. The comparison with the hybrid model is done for three pjet

T ranges in 0–10% central collisions. The
comparison with the EQ model is shown for 126–158 GeV pjet

T interval. The vertical bars on the data points indicate
statistical uncertainties while the shaded bars indicate systematic uncertainties. The band represents the statistical
uncertainty of the calculations.
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jet RAA not well described by any 
model which provided 

calculations, but FF, γ-jet and 
charged particles can be 

described—what do we learn 
from this?



summary
• ATLAS has many complementary results designed to constrain the physics of jet 

quenching 

• focus on unfolded results which allow comparisons across observables and to 
models 

• many model calculations available already 

• focus on systematic measurements as a function of jet pT and rapidity 

• I’ve only flashed the photon-jet results (see Dennis Perepelitsa’s talk) but they are a 
key part of the ATLAS program 

• what are the most important measurements to move make with the 2018 data to 
constraint the physics of jet quenching? 

• full results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults
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looking forward to extending these measurements with the 
2018 data!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults


backup



flow effects on JES & fake jet rejection
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jet mass performance

• jet mass scale (JMS): 
approximately 
independent of 
centrality

 26
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Figure 1: The mean (top) and the resolution (bottom) of m2/p2
T for pp collisions (left) and 0–10% Pb+Pb collisions

(right).

Bayesian method [36] from the RooUnfold software package [37]. This procedure removes the e�ects
of bin migrations due to the jet energy resolution, the jet mass resolution, and the jet mass scale. The
response matrices are made separately for pp collisions and for each centrality bin in Pb+Pb collisions. In
order to better match the data, the MC is reweighted so that its prior has a similar shape to the data. The
number of iterations in the unfolding is chosen to minimize the amplification of statistical fluctuations
and minimize the bias due to the choice of the prior in the unfolded distribution. For both pp and Pb+Pb
collisions, six iterations is found to be optimal. Figure 2 shows, as examples, the m/pT distribution before
and after unfolding for pp and 0–10% central Pb+Pb events.

6

• jet mass resolution (JMR): 
increases in central 
collisions and at low jet pT 

• expected from worse JER/
UE  in this region

ATLAS-CONF-2018-014

pp collisions PbPb collisions
R = 0.4 anti-kt jets



unfolding
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Figure 2: Distribution of m/pT before and after Bayesian unfolding for 126 < pT < 158 GeV bin in pp (left) and
0–10% central Pb+Pb (Right). The statistical uncertainties on the unfolded distributions are smaller than the size of
the points.

6 Systematic uncertainties

The systematic uncertainties on the measurement are described below, and include: jet energy scale (JES),
jet energy resolution (JER), jet mass scale (JMS), jet mass resolution (JMR), and the unfolding procedure.
The systematic uncertainties have been evaluated separately for the di�erential cross-section in Pb+Pb
and pp collisions, as a function of jet pT and m/pT. For each systematic variation, the entire unfolding
procedure is repeated. All sources of systematic uncertainties were combined in quadrature to obtain the
total systematic uncertainty.

The systematic uncertainty due to the JES is composed of two parts: a centrality-independent baseline and
a centrality-dependent component. The centrality-independent baseline is applied to both pp and Pb+Pb
collisions, while the centrality-dependent component is only applied to Pb+Pb collisions. The baseline
uncertainty is determined from in situ studies of the calorimeter response [38–40], and from studies of the
relative energy scale di�erence between the jet reconstruction procedure in this measurement [39] and the
procedure used in pp collisions in Ref. [41]. The centrality-dependent uncertainty reflects a modification
of parton showers by the Pb+Pb environment, and it is evaluated by comparing calorimeter pT and the sum
of pT of tracks within the jet in data and MC. The size of the centrality-dependent uncertainty on the JES
reaches 0.5% in the most central collisions. Each component that contributes to the JES uncertainty is
varied separately by ± 1 standard deviation for each interval in pT, and the response matrix is recomputed
accordingly. The data are unfolded with these modified matrices.

The uncertainty on the m/pT distributions due to the JER is also evaluated by then repeating the unfolding
procedure with modified response matrices, where an additional contribution is added to the resolution of
the reconstructed pT using a Gaussian smearing procedure. The smearing factor is evaluated using an in situ
technique in 13 TeV pp data involving studies of dijet energy balance [42, 43]. An additional uncertainty
is included to account for di�erences between the jet reconstruction procedure in this measurement and

7

ATLAS-CONF-2018-014

two dimensional Bayesian unfolding in m/pT and pT to correct for JMS 
and resolution effects
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Figure 6: Ratios of D(pT, r) distributions for pjet
T of 126 to 158 GeV (left) and of 200 to 251 GeV (right) in Pb+Pb

collisions to pp collisions as a function of angular distance r for two pT selections and six centrality intervals
(pT selections are shown by closed and open symbols). The vertical bars on the data points indicate statistical
uncertainties while the shaded boxes indicate systematic uncertainties. There are no uncertainties on the r values,
the finite widths of the shaded boxes are purely aesthetic.
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