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Figure 5: The RAA values as a function of jet pT for jets with |y | < 2.1 in 0–10% and 30–40% centrality intervals
compared to the same quantity measured inpsNN = 2.76 TeV Pb+Pb collisions [9]. The error bars represent statistical
uncertainties, the shaded boxes around the data points represent bin-wise correlated systematic uncertainties. Forp

sNN = 2.76 TeV measurement, the open boxes represent uncorrelated systematic uncertainties. The coloured
shaded boxes at RAA = 1 represent the combined fractional hTAAi and pp luminosity uncertainty. The horizontal
size of error boxes represents the width of the pT interval.

respectively. This decrease was predicted in Ref. [48] as a consequence of a steepening of jet pT spectra
in the forward rapidity region.

A comparison of the RAA values with theoretical predictions is provided in Figure 8. The RAA values
obtained as a function of jet pT are compared with five predictions for jets with |y | < 2.1 where theory
calculations are available: the Linear Boltzmann Transport model (LBT) [49], three calculations using
the Soft Collinear E�ective Theory approach (SCETG) [50–53], and the E�ective Quenching model
(EQ) [48]. The LBT model combines a kinetic description of parton propagation with a hydrodynamic
description of the underlying medium evolution while keeping track of thermal recoil partons from each
scattering and their further propagation in the medium [49]. The SCETG approach uses semi-inclusive jet
functions [54] evaluated with in-medium parton splittings computed using soft collinear e�ective theory.
It provides three predictions with two di�erent settings of the strong coupling constant associated with
the jet–medium interaction (g = 2.2 and g = 1.8) and the calculation at NLO accuracy. The EQ model
incorporates energy loss e�ects through two downward shifts in the pT spectrum based on a semi-empirical
parameterisation of jet quenching e�ects. One shift is applied to quark-initiated jets and a larger shift to
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• Jet RAA Results in Run I (2011) vs Run II (2015) 
• Huge improvement in analysis techniques and understanding in detector
• Now, systematic uncertainties are only 3% level 100 < pT < 500 GeV/c
• Ready for the precision measurement for jet substructure



meanwhile	in	pp	community:	Re-clustering	jet	into	subjet		

• SoftDrop 
• Larkoski et al (2014)
• Well selling algorithm in QCD society
• Appreciated by analytical calculation
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Figure 3: The unfolded log10(⇢2) distribution for anti-k
t

R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level,
and NLO+NLL+NP [40] and LO+NNLL [41, 42] theory predictions. The LO+NNLL calculation does not
have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker, while regions where they are expected to be small are shown with a filled marker. All uncertainties
described in the text are shown on the data; the uncertainties from the calculations are shown on each one.
The distributions are normalized to the integrated cross section, �resum, measured in the resummation region,
�3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21
nb for � = 0, 1, 2, respectively [40].

8

• Splitting and filtering 
• Butterworth et al  (2008)
• Search for boosted objects 
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Figure 11. Normalised cross-sections as functions of
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d12 of anti-kt jets with R = 1.0 in four
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Application	of	SoftDrop	to	HI	data	
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• Challenge: Large UE background (and its fluctuation) 
• Should subtract up to 150 GeV for each jet in central collisions
• Particle-level subtraction is needed instead of cone-integrated one
• Constituent subtraction method solved the problem 

4

jet is discarded if the SD condition is never satisfied before only one constituent remains. This
constitutes less than 1% of the jets for the grooming parameter settings used in this analysis.
Once the SD condition is satisfied, the two subjets at that position in the angular-ordered tree
are used to compute the mass. Assuming that these last two constituents surviving the groom-
ing procedure are massless, the groomed jet mass (Mg) is calculated from their energies and
opening angle. The main variable used in this analysis is the groomed jet mass divided by the
ungroomed jet transverse momentum, Mg/pjet

T . For this observable, the characteristic Sudakov
peak (caused by the evolution of the shower) stays the same as pjet

T is varied [20], which allows
the study for modification on mass without convoluting with the pjet

T spectrum.

In this analysis, two sets of parameters are considered: zcut = 0.1 with b = 0.0, denoted as
(0.1, 0.0) SD setting, and zcut = 0.5 with b = 1.5, denoted as (0.5, 1.5) SD setting. The first
parameter set has the advantage of being largely insensitive to higher-order QCD corrections,
such as multiple emissions [20, 49], while the second one is preferred experimentally since it
reduces the impact from UE fluctuations by applying a stronger SD constraint for subjets with
larger opening angle, thereby focusing on the core of the jet.
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Figure 1: Groomed jet momentum fraction pT,g in pp (left) and the 10% most central PbPb
collisions (right) for jets with 140 < pjet

T < 160 GeV and |hjet| < 1.3. The pp data are compared
to simulation using the PYTHIA event generator and the PbPb data are compared the the same
PYTHIA events embedded in PbPb events simulated with the HYDJET event generator. Vertical
lines indicate size of statistical uncertainty. The parameters used for the SD algorithm are zcut =
0.5, b = 1.5. The jets are selected based on the ungroomed jet transverse momentum.

If two subjets are very close to each other in the h � f plane, they cannot be distinctly resolved,
leading to a significant worsening of the mass resolution. To avoid unphysical modification of
the Mg/pjet

T measurement, an additional selection on the subjet opening angle of DR12 > 0.1
is applied. For the 0–10% PbPb centrality bin, this DR12 requirement results in the rejection of
30% of the jets using the (0.1, 0.0) SD setting and 50% for the (0.5, 1.5) SD setting, due to a worse
subjet angular separation resolution when the UE is larger. Both fractions are well reproduced
by the simulation.

The groomed jet transverse momentum pT,g, divided by the ungroomed pjet
T in data, is com-

pared to simulation at the reconstruction level in Fig. 1 for the (0.5, 1.5) SD setting. More energy
is removed in the 10% most central PbPb collisions than in pp events in both data and simula-

arxiv1805.05145



Decoherence	of	sub-jets	in	HI	data	

�5

• Study of coherence of sub-jets in  
heavy ion collisions 

• Jet mass, as a proxy of the 
transverse width, is sensitive to the 
decoherence by jet quenching 

• Modification of jet mass can also 
be inferred from the jet shape 
result



Jet	mass	
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Table 1
Systematic uncertainty in mean jet mass from different sources in the 10% most central Pb–Pb collisions (left) and minimum-bias p–Pb collisions (right).

Source pT,ch jet
(GeV/c)

Pb–Pb p–Pb

60–80 80–100 100–120 60–80 80–100 100–120

Prior 1.0% 3.0% 5.0% 0 0 0
Background 3.0% 3.0% 5.0% 1.0% 0.5% 1.0%
Tracking efficiency 5.0% 5.0% 5.0% 3.0% 3.0% 3.0%
Unfolding (iterations, range) 1.0% 3.0% 4.0% 0.5% 1.0% 4.0%

Total 6.0% 8.0% 9.0% 3.5% 3.5% 4.5%

Fig. 6. Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in p–Pb collisions, compared to PYTHIA and HERWIG simulations for three ranges of pT,ch jet . 
Statistical uncertainties in data are smaller than the markers and in the models are smaller than the line width.

Fig. 7. Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in minimum bias p–Pb collisions compared to central Pb–Pb collisions for three ranges of pT,ch jet .

100 < pT,ch jet < 120 GeV/c in Pb–Pb central collisions. The system-
atic uncertainty in p–Pb collisions is about two times smaller than 
in central Pb–Pb collisions due to the much smaller underlying 
event contribution.

7. Results and discussion

7.1. Jet mass measurements in Pb–Pb and p–Pb collisions

The fully unfolded jet mass distributions including all system-
atic uncertainties, measured in p–Pb collisions at √sNN = 5.02 TeV
in three ranges of pT,ch jet between 60 and 120 GeV/c are shown 
in Fig. 6 and compared with PYTHIA Perugia 2011 and HER-
WIG EE5C [30,52]. Minimum-bias triggered events were used for 
pT,ch jet < 80 GeV/c, while the online jet triggered event sam-
ple was used for pT,ch jet ≥ 80 GeV/c. The agreement of data and 
PYTHIA is within 10–20% for most of the Mch jet range. The de-
viations increase for the low and high mass tail and can exceed 
30–50% for the intermediate pT,ch jet range. The agreement with 
HERWIG is slightly worse, mostly in the low mass tail of the dis-
tribution and in the highest pT,ch jet interval. Considering the good 
agreement with simulations and that the jet nuclear modification 
factors RpPb and Q pPb measurements show no cold nuclear mat-
ter effects [45,53–55], the p–Pb measurement (and PYTHIA) can be 

used as a reference for the assessment of the hot nuclear matter 
effects in Pb–Pb collisions.

Fig. 7 shows the comparison of the jet mass distribution, nor-
malized per jet, in central Pb–Pb collisions at √sNN = 2.76 TeV and 
the p–Pb collision measurement. It can be observed that the jet 
mass distribution in Pb–Pb collisions is shifted to smaller values 
with respect to the measurement in p–Pb collisions for pT,ch jet <

100 GeV/c.
Fig. 8 shows the ratio between the jet mass distribution in 

the 10% most central Pb–Pb collisions and p–Pb collisions. The 
systematic uncertainties are propagated into the ratio as uncor-
related. The center-of-mass energy at which the Pb–Pb and p–Pb
collisions were taken is different, √sNN = 2.76 TeV for Pb–Pb and √

sNN = 5.02 TeV for p–Pb collisions. This is expected to introduce 
a small difference in the jet mass distributions due to a different 
shape in the underlying jet pT-spectrum and a different quark-to-
gluon ratio. Therefore, the figure shows also the same ratio from 
particle level simulated PYTHIA pp collisions (tune Perugia 2011) 
at the two energies. Considering statistical uncertainties only in 
the ratio, a shift to lower jet masses in Pb–Pb is observed for 
pT,ch jet < 100 GeV/c, consistent with the PYTHIA embedded results 
in Sec. 5.1. Including the systematic uncertainties in our measure-
ments, the decreasing trend of the ratio as a function of Mch jet is 
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Fig. 7. Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in minimum bias p–Pb collisions compared to central Pb–Pb collisions for three ranges of pT,ch jet .

100 < pT,ch jet < 120 GeV/c in Pb–Pb central collisions. The system-
atic uncertainty in p–Pb collisions is about two times smaller than 
in central Pb–Pb collisions due to the much smaller underlying 
event contribution.
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7.1. Jet mass measurements in Pb–Pb and p–Pb collisions

The fully unfolded jet mass distributions including all system-
atic uncertainties, measured in p–Pb collisions at √sNN = 5.02 TeV
in three ranges of pT,ch jet between 60 and 120 GeV/c are shown 
in Fig. 6 and compared with PYTHIA Perugia 2011 and HER-
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tribution and in the highest pT,ch jet interval. Considering the good 
agreement with simulations and that the jet nuclear modification 
factors RpPb and Q pPb measurements show no cold nuclear mat-
ter effects [45,53–55], the p–Pb measurement (and PYTHIA) can be 
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effects in Pb–Pb collisions.
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in Sec. 5.1. Including the systematic uncertainties in our measure-
ments, the decreasing trend of the ratio as a function of Mch jet is 
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• Jet mass was measured by ALICE 
(ungroomed) and CMS (groomed) in 
per-jet normalization —> Focus on the 
modification on jet mass shape  

• However,  jet mass and energy loss 
mutually affect

• RAA vs m/pT  provides useful input to 
“modification of jet mass by quenching”

• RAA vs pT in pT bins provides input to 
“mass dependence of jet energy loss by 
medium”

• We measured jet RAA as a function of 
pT and m/pT
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jet reconstruction in heavy ion collisions in ATLAS
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large UE: R = 0.4 jet → Ajet = 
0.5 

subtract up to 150 GeV from 
every jet

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

References:
[1] ATLAS Collaboration, JINST 3 (2008) S08003. [2] ATLAS Collaboration, Phys. Lets. B719 (220 - 241) [3] ATLAS Collaboration, ATLAS-CONF-2017-009 [4] ATLAS Collaboration, HION-2015-001
[5] ATLAS Collaboration, ATLAS-PHYS-PUB-2015-015 [6] ATLAS Collaboration, ATLAS-CONF-2015-016 [7] ATLAS Collaboration, ATLAS-CONF-2016-110 [8] ATLAS Collaboration, ATLAS-CONF-2017-005

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
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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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Signal reconstruction performance with the ATLAS

Hadronic Tile Calorimeter

Pawel Klimek, on behalf of the ATLAS Tile Calorimeter group

Stockholm University, Sweden

E-mail: pawel.klimek@cern.ch

Abstract. The Tile Calorimeter (TileCal) is the central section of the hadronic calorimeter of
ATLAS. It is a key detector for the reconstruction of hadrons, jets, taus and missing transverse
energy. TileCal is a sampling calorimeter with steel as absorber and scintillators as active
medium. The scintillators are read-out by wavelength shifting fibers coupled to photomultiplier
tubes (PMTs). The analogue signals from the PMTs are amplified, shaped and digitized by
sampling the signal every 25 ns. The read out system is designed to reconstruct the data in real
time fulfilling the tight constraints imposed by the ATLAS first level trigger rate (100 kHz).
The signal amplitude for each channel and their phase are measured using Optimal Filtering
techniques both at online and o✏ine level. We present the performance of these techniques on
the data collected in the proton-proton collisions at center-of-mass energy equal to 7 TeV. We
will address the performance for the measurement on high pile-up environment and on various
physics and calibration signals.

1. Introduction
ATLAS [1] is a general-purpose experiment, whose goal is to cover a broad range of experimental
particle physics phenomena, with the long sought Higgs boson and supersymmetry on top of
the wanted list. The Tile Calorimeter [2] is the hadronic calorimeter of ATLAS in the region
|⌘| < 1.7. The purpose of TileCal is to identify hadronic jets and measure their energy and
direction. It also provides vital information for the first level trigger, the measurement of the
missing energy due to non-interacting particles and the identification of electrons and photons.
It uses steel as absorber and scintillating plastic tiles as active material.

2. Read out architecture
Photomultiplier tubes (PMTs) read out the light from the scintillating tiles using wavelenght
shifting fibers. The fibers are grouped to segment the calorimeter in cells with a granularity
�� ⇥ �⌘ ⇠ 0.1 ⇥ 0.1 and 3 radial layers. Each cell is read out by two PMTs, corresponding
to two independent electronic channels. The PMT output is a current pulse with its amplitude
proportional to the energy deposited in the associated cell. Electronics mounted on the PMT
amplifies and shapes the output current pulse. Pulse shaping forms the signal width to 50 ns at
half-maximum. In order to e↵ectively extend the dynamic range a bigain read out is used with
a ratio between the two of 64. The two analogue pulses (high gain and low gain) are digitized
by two 10-bit ADCs at 40 MHz. The high gain chain is used until it saturate at about 12 GeV,
for higher energies the low gain is used [3]. The analogue pulse is digitized by 10-bit analogue to

1

3 longitudinal layers

LAr Calorimeter Tile Calorimeter

each cell is read out by 2 PMTs (each PMT 
corresponds to one electronics channel)

hadrons

anti-kT jet with R=0.4
jet constituents are the 
Calorimeter towers after UE 
subtraction

(∆η x ∆φ) = (0.1 x 0.1) 



Jet	reconstruction	in	ATLAS	HI
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• Jet energy scale is off less than 1% for all centrality intervals above 100 
GeV 

• Energy resolution is degraded as  function of centrality due to the event-by-
event fluctuation of the underlying event



Reconstruction	of	jet	mass	in	ATLAS	at	5.02	TeV	
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• For each tower, we subtract the UE event 
estimated from rho and modulated by v2 and v3

• After subtraction, each tower contributes as a 
massless four-momentum for jet mass 
calculation

• Constituent background subtraction is not 
necessary for jet mass measurement 

• Illustration of tower 
constituents in a R 
=0.4 jet 

• A jet includes up to 
50 constituent 
towers 
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Figure 1: The mean (top) and the resolution (bottom) of m

2/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.
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• Jet mass scale has very small dependence on the centrality
• The same HI reconstruction algorithm was used for pp as well
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jet	mass	resolution	
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• Jet mass resolution degrades for higher centrality due to the 
background fluctuation
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Figure 1: The mean (top) and the resolution (bottom) of m

2/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.
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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

• More bin migration for higher central collisions in PbPb  
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• More bin migration for higher central collisions in PbPb  

• In reconstruction level, 
• m/pT is smeared by the jet 

mass resolution 
• A shift toward higher mass 

observed, due to the 
granularity of the calorimeter 
tower (0.1 x 0.1)  
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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
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systematic	uncertainty	
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• The jet mass scale is the dominant source of the uncertainties 
• Cross-check was done with track-jet mass.  

To assess the sensitivity of the measurement to the MC modeling response, the default response matrices
generated with P�����+P�����8 MC samples are used to unfold the Herwig++ MC events. The deviation
from the Herwig++ truth is added to the uncertainties for both pp and Pb+Pb collisions.

The uncertainty on hTAAi originates from geometric modeling uncertainties (nucleon-nucleon inelastic
cross-section, Woods-Saxon parameterization of the nucleon positions) and the uncertainty on the fraction
of selected inelastic Pb+Pb collisions.

The pp components of the JES and the JER uncertainties are taken as correlated between Pb+Pb and
pp collisions. The remaining systematic uncertainties are taken as uncorrelated between Pb+Pb and
pp collisions. The total uncertainties and their compositions are shown in Figures 3 through 5 for pp

collisions, Pb+Pb collisions in 0–10%, 30–40% and 60–80% intervals of centrality, and for RAA.
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Figure 3: Systematic uncertainties for pp collisions (top row), 0–10% Pb+Pb collisions (middle row), and RAA
(bottom row) as a function of m/pT for the pT intervals used in this analysis. The uncertainties are: JMR (dashed
red), JMS (dashed brown), JER (dark blue), JES (green), unfolding (magenta), and total (black).

7 Results

The di�erential cross-section for pp collisions is shown along with the cross-section from P�����+P�����8
in Figure 6. The P�����+P�����8 distributions are normalized to have the same integral as data to allow
for a comparison of shapes. The MC-to-data ratios are consistent with unity within the combined statistical
and systematic uncertainties. However, they exhibit a trend of increased (decreased) jet yield with small
(large) m/pT in MC compared to data.

Figure 7 shows the yields normalized by the number of events in Pb+Pb collisions for the 0–10%, 30–40%
and 60–80% centrality intervals. The RAA values in the same centrality selections are shown in Figure 8.
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JES : jet energy scale
JER : jet energy resolution
JMS : jet mass scale
JMR : jet mass resolution
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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
systematic uncertainties, vertical error bars represent statistical uncertainties.
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Cross section of jets in 2-d 
differential bins of pT and m/pT

for a wide kinematic range.

Result was compared with 
Powheg generator.
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unfolded	result	in	PbPb	
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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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PbPb result in 7 centrality bins
Results in  0-10%, 30-40%, 
60-80% are shown in this slide 
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�18

ATLAS DRAFT

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

AA
R

ATLASInternal
PbPb 0-10%

 < 158 GeV
T

126 < p

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

AA
R

 < 199 GeV
T

158 < p

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

AA
R

 < 251 GeV
T

199 < p

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

AA
R

 < 316 GeV
T

251 < p

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

AA
R

 < 398 GeV
T

316 < p

0 0.05 0.1 0.15 0.2

T
m/p

0.5

1

1.5

2

AA
R

 < 500 GeV
T

398 < p

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2 ATLASInternal
PbPb 30-40%

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2

T
m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2 ATLAS Internal
PbPb 60-80%

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2

0 0.05 0.1 0.15 0.2
T

m/p

0.5

1

1.5

2
 < 500 GeV

T
316 < p

0 0.05 0.1 0.15 0.2

T
m/p

2.12.22.32.4

Figure 8: RAAas a function of m/pT evaluated 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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RAA (m/pT) is flat for most pT 
bins for all centrality bins. 

Some hint for the decrease 
of RAA at high pT bins for 
0-10% centrality.
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Comparison	of	ATLAS,	ALICE	and	CMS	results
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Enhancement of large  m/pT yield in CMS was not observed in ATLAS 
and ALICE result.  One explanation was the 

9

 < 300 GeV
T,jet

200 < p

 < 200 GeV
T,jet

180 < p

 < 180 GeV
T,jet

160 < p

 < 160 GeV
T,jet

140 < p

PbPb
Smeared pp
 
 

0 0.1 0.2

T,jet
 / pgM

0

5

0

5

0

5

0

5

10

15
T,

je
t

 / 
p

g
d 

M
d 

N
 N1

 (5.02 TeV)-1 (5.02 TeV), pp 27.4 pb-1bµPbPb 404 

CMS | < 1.3
jet
η R = 0.4, |Tanti-k

 = 0.0β = 0.1, 
cut

Soft Drop z
 > 0.112R∆

Centrality: 0-10%

 < 300 GeV
T,jet

200 < p

 < 200 GeV
T,jet

180 < p

 < 180 GeV
T,jet

160 < p

 < 160 GeV
T,jet

140 < p

Data
Jewel (Recoil off)
Jewel (Recoil on)
QPythia

0 0.1 0.2

T,jet
 / pgM

0

10
0

10
0

10
0

10

20

Sm
ea

re
d 

pp
Pb

Pb

 (5.02 TeV)-1 (5.02 TeV), pp 27.4 pb-1bµPbPb 404 

CMS | < 1.3
jet
η R = 0.4, |Tanti-k

 = 0.0β = 0.1, 
cut

Soft Drop z
 > 0.112R∆

Centrality: 0-10%

Figure 5: (left) The pjet
T dependence of Mg/pjet

T , for PbPb events in the centrality class 0–10%,
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that the core of the jet is not altered in central PbPb collisions within the uncertainties of the
measurement, but the periphery of the jet is more sensitive to interactions of the partons with
the dense colored medium during the parton shower evolution. This effect vanishes at higher
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for m/pT  < 0.25 region, the PbPb/pp is consistent with flat ratio, which 
means no modification overall. 
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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smaller than the markers and in the models are smaller than the line width.
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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smeared JEWEL and Q-PYTHIA generators, shown in blue and green, respectively.
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that the core of the jet is not altered in central PbPb collisions within the uncertainties of the
measurement, but the periphery of the jet is more sensitive to interactions of the partons with
the dense colored medium during the parton shower evolution. This effect vanishes at higher

Maybe yes, but it might be a naive 
solution.   For example, JEWEL 
doesn’t explain the full results yet.

1. we don’t see the same rise for 
higher pT bins.

2. it doesn’t explain the flat (or 
decreasing) ratio for ungroomed jet 
result in ALICE and ATLAS 
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First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration
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Fig. 6: Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in p–Pb collisions, compared
to PYTHIA and HERWIG simulations for three ranges of pT,ch jet. Statistical uncertainties in data are
smaller than the markers and in the models are smaller than the line width.
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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collisions. By constraining both energy and virtuality experimentally, differential jet mass measurements
could provide further non-trivial tests for models of in-medium shower evolution.

The ratio of the jet mass distribution in central Pb–Pb collisions and minimum-bias p–Pb collisions is
compared to that in PYTHIA Perugia 2011 simulations at the two center-of-mass energies. The data ratio
is compatible with the PYTHIA expectation at the two center-of-mass energies within systematic uncer-
tainties. A hint of a difference within statistical uncertainties only in the ratio and in the mean jet mass in
the lowest pT,ch jet range is of interest to motivate further work on reducing the systematic uncertainties
in order to increase the precision in jet mass measurements as well as pursuing more differential studies,
for example with respect to hard fragmenting jets.

The fully-corrected results are consistent with the observation based on detector level comparison with
PYTHIA embedded jets. The measured jet mass in Pb–Pb collisions is not reproduced by the quenching
models considered in this letter and is found to be consistent with PYTHIA vacuum expectations within
systematic uncertainties. These results are qualitatively consistent with previous measurements of jet
shapes at the LHC [20, 62], which show only relatively small changes of the particle distributions in jets
in Pb–Pb collisions compared to pp collisions. The JEWEL model with “recoil on”, which describes
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• Ungroomed mass
• |η| < 2.1
• full jet
• Fully unfolded 

CMS
• SoftDrop mass 
• |η| < 1.3
• full jet
• pp reference smeared

ALICE 
• Ungroomed mass 
• |η| < 0.5
• charged jet 
• Fully unfolded

• Maybe the key difference is in the SoftDrop?  The rise was observed 
only when beta = 0 case. 
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that the core of the jet is not altered in central PbPb collisions within the uncertainties of the
measurement, but the periphery of the jet is more sensitive to interactions of the partons with
the dense colored medium during the parton shower evolution. This effect vanishes at higher
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measurement, but the periphery of the jet is more sensitive to interactions of the partons with
the dense colored medium during the parton shower evolution. This effect vanishes at higher
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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Fig. 6: Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in p–Pb collisions, compared
to PYTHIA and HERWIG simulations for three ranges of pT,ch jet. Statistical uncertainties in data are
smaller than the markers and in the models are smaller than the line width.
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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Summary

• Reported the result of ungroomed jet mass in pp and PbPb collisions 
at 5.02 TeV using ATLAS 

• Measured the RAA of jets as a function of the m/pT and pT to study the 
modification of jet mass by medium, and the dependence of energy 
loss on the jet mass

• No significant dependence of RAA on mass was observed, but found 
some hint for larger suppression for high m/pT in pT > 316 GeV/c

• The result of ungroomed mass, being complementary to the SoftDrop 
mass result from CMS, can provide the input to understand the 
medium recoil
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