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New Results on Jets in Heavy 
Ion Collisions with the ATLAS 

Experiment 



jets as a probe of hot nuclear matter

• use jets to probe the hot nuclear matter created in heavy ion 
collisions  

• study jets, their correlations, and their structure in Pb+Pb 
collisions 

• requires precision measurements in p+p and p+Pb collisions to 
establish a baseline and benchmark calculations: extensive 
measurements, not discussed here
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Jets in pp, p+Pb and Pb+Pb collisions

Jets provide a powerful tool to probe the medium created in HI 
collisions and to test the QCD.

Jet internal structure was found to be modified

 Need for precise and more differential measurements of jets structure.  

 Can we use p+Pb collisions as a reference for Pb+Pb collisions?

 How much modification in p+Pb is from nPDF effects?

 What are experimental challenges in those measurements?
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Run 1 Results
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FIG. 3. Jet RAA as a function of pT in di↵erent centrality
bins with each panel showing a di↵erent range in |y|. The
fractional luminosity and hTAAi uncertainties are indicated
separately as shaded boxes centered at one. The boxes, bands
and error bars indicate uncorrelated systematic, correlated
systematic and statistical uncertainties, respectively.

are independent of jet pT and rapidity. The uncertainties
on hTAAi vary between 1% and 10% in the most central
and peripheral collisions, respectively, with the full set
of values given in Table I. An overall uncertainty on the
luminosity in the pp sample was estimated to be 3.1%.

The total systematic uncertainty on the pp cross sec-
tions is dominated by the JES uncertainty, which is as
large as 15%. For the Pb+Pb jet yields this uncertainty
is also dominant and in the most central collisions is 22%.
In the RAA, much of this uncertainty cancels, although
the dominant contribution is due to the JES in most cen-
trality and rapidity intervals and is typically 10%. The
uncertainties due to the unfolding are generally a few
per cent, but for some pT values near the upper and
lower limits included in the measurement the contribu-
tions from this source are as large as 15%. The contri-
butions of the JER to the total uncertainty on RAA are
less than 3% except in the most central collisions at low
pT where they are as large as 10%. In the most periph-
eral bins the hTAAi uncertainties that a↵ect the overall
normalization are the dominant contribution.

The pp di↵erential jet cross sections are shown in Fig. 1
for the following absolute rapidity ranges: 0–0.3, 0.3–0.8,
0.8–1.2, 1.2–2.1 and 0–2.1. These results are consistent
with a previous measurement with fewer events [37]. The
di↵erential per-event jet yield in Pb+Pb collisions, multi-
plied by 1/hTAAi, is shown in Fig. 2, in selected rapidity
and centrality bins in the lower and upper panels, re-
spectively. The dashed lines represent the pp jet cross
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FIG. 4. The RAA for jets with 80 < pT < 100 GeV as a func-
tion of |y| for di↵erent centrality bins (top) and as a function
of hNparti for the |y| < 2.1 range (bottom). The fractional
luminosity and hTAAi uncertainties are indicated separately
as shaded boxes centered at one. The boxes, bands and error
bars indicate uncorrelated systematic, correlated systematic
and statistical uncertainties, respectively.

sections for that same rapidity bin; the jet suppression is
evidenced by the fact that the jet yields fall below these
lines.
The jet RAA as a function of pT is shown in Fig. 3

for di↵erent ranges in collision centrality and jet rapid-
ity. The RAA is observed to increase weakly with pT,
except in the most peripheral collisions. In the 0–10%
and |y| < 2.1 centrality and rapidity intervals, which
have the smallest statistical uncertainty, the RAA is 0.47
at pT ⇠ 55 GeV and rises to 0.56 at pT ⇠ 350 GeV.
These distributions were fit, accounting for the point-
wise correlations in the uncertainties, to the functional
form a ln(pT) + b. The slope parameter was found to
be significantly above zero in all but the most periph-
eral collisions. The magnitude and weak increase of the
RAA in central collisions are described quantitatively by
recent theoretical calculations [38, 39]. The results of
this measurement are consistent with measurements of
the jet central-to-peripheral ratio [13], although in those
measurements the uncertainties are too large to infer any
significant pT dependence.
The rapidity dependence of the RAA is shown in the

top panel of Fig. 4 for jets with 80 < pT < 100 GeV
for three centrality bins. The RAA shows no significant
rapidity dependence over the pT and rapidity ranges pre-
sented in this measurement. The hNparti dependence
is shown in the bottom panel of Fig. 4 for jets in the
same pT interval and with |y| < 2.1. The RAA decreases
smoothly from the most peripheral collisions (smallest
hNparti values) to central collisions, where it reaches a
minimal value of approximately 0.4 in the most central
1% of collisions. A similar hNparti dependence is observed
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eral collisions. The magnitude and weak increase of the
RAA in central collisions are described quantitatively by
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this measurement are consistent with measurements of
the jet central-to-peripheral ratio [13], although in those
measurements the uncertainties are too large to infer any
significant pT dependence.
The rapidity dependence of the RAA is shown in the

top panel of Fig. 4 for jets with 80 < pT < 100 GeV
for three centrality bins. The RAA shows no significant
rapidity dependence over the pT and rapidity ranges pre-
sented in this measurement. The hNparti dependence
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and peripheral collisions, respectively, with the full set
of values given in Table I. An overall uncertainty on the
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These distributions were fit, accounting for the point-
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form a ln(pT) + b. The slope parameter was found to
be significantly above zero in all but the most periph-
eral collisions. The magnitude and weak increase of the
RAA in central collisions are described quantitatively by
recent theoretical calculations [38, 39]. The results of
this measurement are consistent with measurements of
the jet central-to-peripheral ratio [13], although in those
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significant pT dependence.
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Figure 7: The ratio RD(z) of unfolded D(z) distributions measured in heavy-ion collisions to unfolded D(z) distri-
butions measured in pp collisions. The RD(z) distributions were evaluated in four di↵erent centrality bins (rows)
and four di↵erent selections in jet pT of jets (columns) with |y| < 2.1. The error bars on the data points indicate
statistical uncertainties while the shaded bands indicate systematic uncertainties.
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Figure 7: The ratio RD(z) of unfolded D(z) distributions measured in heavy-ion collisions to unfolded D(z) distri-
butions measured in pp collisions. The RD(z) distributions were evaluated in four di↵erent centrality bins (rows)
and four di↵erent selections in jet pT of jets (columns) with |y| < 2.1. The error bars on the data points indicate
statistical uncertainties while the shaded bands indicate systematic uncertainties.
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goal: use the high statistics Run2 data to make precise, differential measurements of 
jets in PbPb collisions
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dxJ
distributions for di↵erent selections on pT1 , shown for the 0–10% centrality bin (red) and for

pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.

Figure 3 shows the 1
N

dN

dxJ
for 0–10% Pb+Pb collisions and pp collisions for di↵erent selections on pT1.

In pp collisions, the xJ distribution becomes increasingly narrow, indicating that higher pT dijets tend
to be better balanced in momentum (fractionally). The xJ distribution begins to fall more steeply from
xJ ⇠ 1, but appears to flatten at intermediate values of xJ. The modifications observed in the Pb+Pb data
lessen with increasing pT1 and for pairs with pT1 > 200 GeV the maximum at xJ ⇠ 1 is restored.

9 Conclusion

This note has presented a measurement of dijet di↵erential xJ distributions in pp and Pb+Pb collisions atp
sNN = 2.76 TeV. The measurement was performed di↵erentially in leading jet transverse momentum,

pT1, and in collision centrality. The measured distributions were unfolded to account for the e↵ects of
experimental resolution on the two-dimensional pT1-pT2 distributions and then projected into bins of fixed
xJ. The distributions show a larger contribution of asymmetric dijet pairs in Pb+Pb data compared to that

11

as well as from instrumental effects. Energy loss in the
medium could lead to much stronger deviations in the
reconstructed energy balance.

The ATLAS detector [8] is well-suited for measuring
jets due to its large acceptance, highly segmented electro-
magnetic and hadronic calorimeters. These allow efficient
reconstruction of jets over a wide range in the region
j!j< 4:5. The detector also provides precise charged par-
ticle and muon tracking. An event display showing the inner
detector and calorimeter systems is shown in Fig. 1.

Liquid argon technology providing excellent energy and
position resolution is used in the electromagnetic calorime-
ter that covers the pseudorapidity range j!j< 3:2. The
hadronic calorimetry in the range j!j< 1:7 is provided
by a sampling calorimeter made of steel and scintillating
tiles. In the end caps (1:5< j!j< 3:2), liquid argon tech-
nology is also used for the hadronic calorimeters, matching
the outer j!j limits of the electromagnetic calorimeters. To
complete the ! coverage, the liquid argon forward calo-
rimeters provide both electromagnetic and hadronic energy
measurements, extending the coverage up to j!j ¼ 4:9.
The calorimeter (! and ") granularities are 0:1" 0:1 for
the hadronic calorimeters up to j!j ¼ 2:5 (except for the
third layer of the tile calorimeter, which has a segmentation
of 0:2" 0:1 up to j!j ¼ 1:7) and then 0:2" 0:2 up to
j!j ¼ 4:9. The electromagnetic calorimeters are longitudi-
nally segmented into three compartments and feature a
much finer readout granularity varying by layer, with cells
as small as 0:025" 0:025 extending to j!j ¼ 2:5 in the
middle layer. In the data-taking period considered, ap-
proximately 187 000 calorimeter cells (98% of the total)
were usable for event reconstruction.

The bulk of the data reported here were triggered by
using coincidence signals from two sets of minimum bias
trigger scintillator detectors, positioned at z ¼ #3:56 m,

covering the full azimuth between 2:09< j!j< 3:84 and
divided into eight " sectors and two ! sectors.
Coincidences in the zero degree calorimeter and luminos-
ity measurement using a Cherenkov integrating detector
were also used as primary triggers, since these detectors
were far less susceptible to LHC beam backgrounds. These
triggers have a large overlap and are close to fully efficient
for the events studied here.
In the offline analysis, events are required to have a time

difference between the two sets of minimum bias trigger
scintillator counters of !t < 3 ns and a reconstructed ver-
tex to efficiently reject beam-halo backgrounds. The pri-
mary vertex is derived from the reconstructed tracks in the
inner detector, which covers j!j< 2:5 by using silicon
pixel and strip detectors surrounded by straw tubes.
These event selection criteria have been estimated to ac-
cept over 98% of the total lead-lead inelastic cross section.
The level of event activity or ‘‘centrality’’ is character-

ized by using the total transverse energy ("ET) deposited
in the forward calorimeters (FCal), which cover 3:2<
j!j< 4:9, shown in Fig. 2. Bins are defined in centrality
according to fractions of the total lead-lead cross section
selected by the trigger and are expressed in terms
of percentiles (0%–10%, 10%–20%, 20%–40%, and
40%–100%) with 0% representing the upper end of the
"ET distribution. Previous heavy ion experiments have
shown a clear correlation of the "ET with the geometry
of the overlap region of the colliding nuclei and, corre-
spondingly, the total event multiplicity. This is verified in
the bottom panel of Fig. 2, which shows a tight correlation
between the energy flow near midrapidity and the forward
"ET . The forward "ET is used for this analysis to avoid
biasing the centrality measurement with jets.
Jets have been reconstructed by using the infrared-safe

anti-kt jet clustering algorithm [9] with the radius parame-

FIG. 1 (color online). Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet
and with high-energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2:6 GeV and
applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the hadronic
calorimeter), the recoil can be seen dispersed widely over the azimuth.
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jet reconstruction performance

• Jet Energy Scale: ~1% centrality dependence 
• Jet Energy Resolution: increased underlying event fluctuations 

lead to larger resolution in central collisions
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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 . Both are for jets inclusive in |⌘ | < 2.8. The curves are for pp (black), and Pb+Pb with di↵erent centralities;

0-10% (red), 10-20% (blue), 20-30% (green), 30-40% (purple), 40-50% (orange), 50-60% (teal), 60-70% (brown),
and 70-80% (yellow).

The performance of the jet reconstruction was characterized by evaluating the jet energy scale (JES) and
resolution (JER), which are the mean and width of the jet response (preco

T /p
truth
T ) in the MC simulations.

Hereafter “truth” denotes MC generator-level jets reconstructed from final-state particles using techniques
described in Ref. [25]. The response was generated by matching the truth to reconstructed jets in the MC
within a cone of �R =

p
�⌘2 + ��2 < 0.2. The ratio of the reconstructed pT to the truth pT was evaluated

as a function of the truth pT. The performance of the jet reconstruction is summarized in Figure 1, where
the left and right panels show the JES and JER, respectively. The ratio, or closure, between the truth
and reconstructed pT in the MC is demonstrated by the value of the JES in the left panel of Figure 1 and
is shown to be about 1% at high pT. This also has a small centrality dependence at high pT which is
expected. The JER has been parameterized as

� =
a
q

ptruth
T

⌦ b
ptruth

T
⌦ c, (3)

where a, b, and c are free parameters. The first and last terms in the right-hand side of Eq. 3 are sensitive
to aspects of the detector response and are expected to be independent of centrality, while the second (b)
term is driven by fluctuations uncorrelated with the jet pT. This “noise” term is often understood in terms
of electronic or pileup noise, but in all but the most peripheral HI collisions, both of these contributions
are small compared to the magnitude of the UE fluctuations. The JER for di↵erent centrality intervals and
for pp collisions is shown on the right in Figure 1. Fits using Eq. 3 are indicated with dashed lines. The
JER is largest in the more central collisions, as expected from the larger magnitudes of the total transverse
energy in the UE. The JER is ⇡ 16% at 100 GeV in central collisions and decreases with increasing pT to
a constant at about 5-6% for jets with pT greater than 500 GeV.

The e↵ect of the subtraction procedure on JES relative to the n = 2 and n = 3 phase n| n � �|, where
 n is the phase of the harmonic modulation due to flow as described above and shown in Eq. 2 and �
is the azimuthal angle of the jet, is shown in the left and right panel of Figure 2, respectively. The open
black points on each figure show the angular dependence without including harmonic flow in the UE
subtraction. The filled points show the impact of including the harmonic flow correction, resulting in only
a small residual dependence on event plane angle, substantially improving the jet energy resolution.
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excellent jet reconstruction performance key to precision measurements





photon-jet correlations in pp
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Figure 6: Measured distributions of the jet-to-photon transverse momentum ratio xJ� in pp collisions (open squares)
and P����� 8 simulation (yellow histogram). Each panel shows a di�erent p

�
T selection. The vertical bars and the

shaded bands show the statistical and systematic uncertainties on the data, respectively.
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Figure 7: Measured distributions of the jet-to-photon transverse momentum ratio xJ� in 0–10% Pb+Pb collisions
(filled circles), pp collisions (open squares) and P����� 8 simulation overlaid with 0–10% Pb+Pb data (yellow
histogram). Each panel shows a di�erent p

�
T selection.

of the fact that the photon is correlated with all the jets in the event that pass selection cuts inclusively
(i.e. the correlation is not solely with the highest-pT jet in the event, and no attempt is made to remove
configurations where the photon is balanced by multiple high-pT jets). The simulation is able to describe
the shape and overall yield of the distributions in data in some detail.

Figure 7 compares the distributions in 0–10% Pb+Pb events to the simulated P����� 8 photon+jet events
overlaid with minimum bias Pb+Pb data. In each p

�
T selection, the distributions in data are substantially

modified with respect to the results of the simulation, in a manner that is consistent with a shift to lower
values of xJ�. The distributions have a di�erent shape (they do not exhibit a clear peak within the visible
xJ� range), and the integrated yield of associated jets above the minimum xJ� value is suppressed. This
pattern of modification is indicative with a picture of parton-energy loss in the hot nuclear medium.

Figures 8, 9 and 10 explore the centrality dependence of the xJ� distributions in Pb+Pb data, each for

14

xJγ = pT,jet / pT,γ

corrected for backgrounds and jet energy scale, but not for jet energy 
resolution, which is present in data and MC

ATLAS-CONF-2016-110 

increasing photon pT

photons: pT > 60 GeV; jets: R =0.4 anti-kT, pT > 30 GeV



photon-jet correlations in PbPb
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shaded bands show the statistical and systematic uncertainties on the data, respectively.
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Figure 7: Measured distributions of the jet-to-photon transverse momentum ratio xJ� in 0–10% Pb+Pb collisions
(filled circles), pp collisions (open squares) and P����� 8 simulation overlaid with 0–10% Pb+Pb data (yellow
histogram). Each panel shows a di�erent p

�
T selection.

of the fact that the photon is correlated with all the jets in the event that pass selection cuts inclusively
(i.e. the correlation is not solely with the highest-pT jet in the event, and no attempt is made to remove
configurations where the photon is balanced by multiple high-pT jets). The simulation is able to describe
the shape and overall yield of the distributions in data in some detail.

Figure 7 compares the distributions in 0–10% Pb+Pb events to the simulated P����� 8 photon+jet events
overlaid with minimum bias Pb+Pb data. In each p

�
T selection, the distributions in data are substantially

modified with respect to the results of the simulation, in a manner that is consistent with a shift to lower
values of xJ�. The distributions have a di�erent shape (they do not exhibit a clear peak within the visible
xJ� range), and the integrated yield of associated jets above the minimum xJ� value is suppressed. This
pattern of modification is indicative with a picture of parton-energy loss in the hot nuclear medium.

Figures 8, 9 and 10 explore the centrality dependence of the xJ� distributions in Pb+Pb data, each for

14

xJγ = pT,jet / pT,γ

increasing photon pT

PbPb result: reduction in balanced photon-jet pairs; increase in 
unbalanced photon-jet pairs 

compared to pp and Pythia8 overlaid with data
ATLAS-CONF-2016-110 



photon-jet angular distributions
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no evidence observed for additional large angle contributions in PbPb collisions



inclusive jet spectra in PbPb & pp
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Figure 4: Left: Inclusive jet cross-section in pp data evaluated as a function of jet pT scaled by successive powers of
102. Right: Per event jet yield in Pb+Pb collisions, multiplied by hTAAi, as a function of jet pT scaled by successive
powers of 102. The solid lines represent the pp cross-section for the same rapidity selection scaled by the same
factor to allow for a comparison with the Pb+Pb data at di↵erent centralities. The error bars represent statistical
uncertainties, shaded boxes represent systematic uncertainties including uncertainties on hTAAi and luminosity.

included in the figure are the values of pp cross-section which are shown without systematic uncertainties
for readability.

The nuclear modification factor evaluated as a function of jet pT is shown in the upper panel of Figure 5
for four centrality selections. The RAA is evaluated for jets with pT in the interval of 100–1000 GeV and
|y | < 2.8. The higher pT intervals are combined in the cross section and yields before evaluating the
RAA because of the large statistical uncertainties at high pT. A clear suppression of the jet production
in central Pb+Pb collisions with respect to pp collisions can be seen. In 0-10% central collisions the
RAA is approximately 0.45 near pT = 100 GeV. The RAA is observed to grow slowly with increasing
jet momentum reaching a value of approximately 0.6 for jets with pT around 800 GeV. The error bars
in the figure represent the statistical uncertainties. Shaded boxes represent fully correlated systematic
uncertainties for which all the data-points can move upward or downward for a given change in the
uncertainty. The open boxes represent uncorrelated systematic uncertainties for which individual data
points can vary independently.

The RAA evaluated for jets with |y | < 2.1 can be compared with a previous measurement performed atp
sNN = 2.76 TeV [9]. This is shown for the centrality selection of 0-10% in the bottom panel of Figure 5.

The two measurements are observed to agree within their uncertainties.

The hNparti dependence of the RAA is shown in Figure 6 for jets with |y | < 2.8 and 100 < pT < 125 GeV.
A smooth evolution of the RAA is seen with the largest values in the most peripheral collision and the
smallest values in the most central collisions. The error band here represents the correlated systematic

9

ATLAS-CONF-2017-009

spectra out to ~1 TeV, differential in rapidity and centrality



jet RAA
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Figure 5: Upper panel: The RAA as a function of jet pT for jets with |y | < 2.8 for three centrality bins. Bottom
panel: The RAA as a function of jet pT for jets with |y | < 2.1 in 0-10% central collisions compared to the same
quantity measured in

p
sNN = 2.76 Pb+Pb collisions published in Ref. [9]. The error bars represent statistical

uncertainties, the shaded boxes around the data points represent correlated systematic uncertainties, open boxes
represent uncorrelated systematic uncertainties. In the upper panel, the colored shaded boxes at unity represent
hTAAi uncertainties and the gray shaded box represents the uncertainty on pp luminosity. The horizontal width on
the shaded boxes represent the width of the pT interval and the horizontal width on the open boxes are arbitrary for
better visibility. In the bottom panel, the colored shaded boxes at unity represent the combined hTAAi uncertainties
with the uncertainties on pp luminosity. error bars on the
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consistent with constant RAA for jets from 200 GeV to 1 TeV

RAA  = NAA,jet

NAA,evt σpp,jet <TAA> 

ATLAS-CONF-2017-009
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Figure 5: Upper panel: The RAA as a function of jet pT for jets with |y | < 2.8 for three centrality bins. Bottom
panel: The RAA as a function of jet pT for jets with |y | < 2.1 in 0-10% central collisions compared to the same
quantity measured in

p
sNN = 2.76 Pb+Pb collisions published in Ref. [9]. The error bars represent statistical

uncertainties, the shaded boxes around the data points represent correlated systematic uncertainties, open boxes
represent uncorrelated systematic uncertainties. In the upper panel, the colored shaded boxes at unity represent
hTAAi uncertainties and the gray shaded box represents the uncertainty on pp luminosity. The horizontal width on
the shaded boxes represent the width of the pT interval and the horizontal width on the open boxes are arbitrary for
better visibility. In the bottom panel, the colored shaded boxes at unity represent the combined hTAAi uncertainties
with the uncertainties on pp luminosity. error bars on the
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no significant change of 
RAA from 2.76 TeV to 

5.02 TeV
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Figure 7: The ratio of the RAA as a function of |y | to the RAA at |y | < 0.3 for jets with centrality of 0-10% in the
following pT bins on each panel: 158 < pT < 200 GeV (red squares), 200 < pT < 251 GeV (blue diamonds), 251
< pT < 316 GeV (green crosses), and 316 < pT < 562 GeV (purple stars). The error bars represent statistical
uncertainties, the shaded boxes around the data points represent correlated systematic uncertainties.
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rapidity dependence of RAA
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Figure 7: The ratio of the RAA as a function of |y | to the RAA at |y | < 0.3 for jets with centrality of 0-10% in the
following pT bins on each panel: 158 < pT < 200 GeV (red squares), 200 < pT < 251 GeV (blue diamonds), 251
< pT < 316 GeV (green crosses), and 316 < pT < 562 GeV (purple stars). The error bars represent statistical
uncertainties, the shaded boxes around the data points represent correlated systematic uncertainties.
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• increasing rapidity 
• steeper spectra 
• more quark jets 

• RAA sensitive to both effects 
• first observation of a 

rapidity dependence to 
RAA



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 / pjet

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.

2

jet fragmentation
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how are the particles within the jet distributed?

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 (p

jet
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, p

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

p

trk
T cos�R / p

jet
T and are written as:

D(z) ⌘ 1
Njet

dNch

dz

, (1)

and
D(pT) ⌘ 1

Njet

dNch

dp

trk
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.
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Figure 1: Illustration of the jet fragmentation.

The measured fragmentation functions are a↵ected by a contribution of tracks from the underlying79

event. The fragmentation function associated with the UE is evaluated separately. The subtracted D(z)80

distribution is then evaluated as81

D(z, pjet
T ) =

1

Njet(pjet
T )

1
✏(pT, ⌘)

 
�Nch(z, pjet

T )
�z

�
�NUE

ch (z, pjet
T )

�z

!
(4)

and the subtracted D(pT) distribution is evaluated as82

D(pT, p
jet
T ) =

1

Njet(pjet
T )

1
✏(pT, ⌘)

 
�Nch(z, pjet

T )
�pT

�
�NUE

ch (pT, p
jet
T )

�pT

!
(5)

Jets and tracks used in the evaluation of D(z) distribution are subjected to various corrections and83

cuts that are described in the Sec. 6. The fragmentation functions evaluated using fully calibrated jets84

passing quality cuts and e�ciency corrected tracks are used to calculate the “raw” distributions. The raw85

distributions are then unfolded to the particle level using two dimensional Bayesian unfolding method in86

pjet
T and zor in pjet

T and ptrk
T .87

The analysis is performed di↵erentially in jet pjet
T and centrality. The jet pjet

T bin size grows with88

increasing pjet
T to have a good statistics in the full range of the measurement and they are adopted from89

other ATLAS jet measurements [7].90
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Figure 6: D(z) (top) and D(pT) (bottom) distributions in pp collisions (left) and 0-10% central Pb+Pb collisions
(right) for the six p
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T selections used in this analysis. The shaded boxes are systematic uncertainties. The statistical

uncertainties are shown as bars which are in many cases smaller than the points. The p

jet
T intervals are o↵set by

scale factors as indicated in the legend.
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ATLAS-CONF-2017-005

• fragmentation measured differentially in jet pT from 126 - 501 GeV 
• 2D Bayesian unfolding in z & jet pT to allow direct comparison to 

calculations
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Figure 7: The ratio RD(z) of unfolded D(z) distributions measured in heavy-ion collisions to unfolded D(z) distri-
butions measured in pp collisions. The RD(z) distributions were evaluated in four di↵erent centrality bins (rows)
and four di↵erent selections in jet pT of jets (columns) with |y| < 2.1. The error bars on the data points indicate
statistical uncertainties while the shaded bands indicate systematic uncertainties.
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Figure 7: The ratio RD(z) of unfolded D(z) distributions measured in heavy-ion collisions to unfolded D(z) distri-
butions measured in pp collisions. The RD(z) distributions were evaluated in four di↵erent centrality bins (rows)
and four di↵erent selections in jet pT of jets (columns) with |y| < 2.1. The error bars on the data points indicate
statistical uncertainties while the shaded bands indicate systematic uncertainties.
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increasing jet pT

no difference observed between 
jet fragmentation in 5.02 & 2.76 
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, 0-10%-1 = 5.02 TeV, 0.49 nbNNsPb+Pb, 

-1 = 5.02 TeV, 25 pbs , pp ATLAS-CONF-2017-005



fragmentation in PbPb: 5 TeV compared to 2.76 TeV
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no jet pT dependence to jet 
fragmentation observed 

high z excess→due to 
different quenching of 

quark & gluon jets? 
(Spousta & Cole: 

1504.05169)

ATLAS-CONF-2017-005
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further work ongoing to measure the soft fragments, stay tuned!



wealth of new preliminary results 
more information available in the associated conference notes and papers 

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

huge range in kinematics and developing a comprehensive suite of 
measurements

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

