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there are a lot of new jet results!
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jets in nuclear collisions—past
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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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FIG. 3. Ratio of yield per event in central vs peripheral
Au+Au collisions, with each divided by ⟨Nbinary⟩ for that
class. For π0 the weighted average of PbSc and PbGl results
is shown. The error bars indicate the statistical errors on the
spectra. The surrounding bands [shaded for π0’s, brackets
for (h+ + h−)/2] are the quadrature sums of (i) the parts of
the systematic errors on the spectra that do not cancel in the
ratio, and (ii) the uncertainty in ⟨Nbinary⟩ (see Table I).

TABLE I. Relative systematic errors on hadron yields and
central-to-peripheral ratios. The errors are quoted for rep-
resentative pT and vary between the values shown. For the
charged hadron (h) data the errors are highly correlated in
pT for both yields and ratios. For the π0 data, approximately
half of the error in the yield is perfectly correlated in pT , and
some correlation remains in the ratio.

Sys. error: Yield pT [GeV/c] Cent/Per pT [GeV/c]
h data 27% 0.5 8% all

16-18% 0.8-3.5
30% 4.7

π0 data 25% 1.2 24% 1.2
(PbSc) 35% 3.7 33% 3.2
π0 data 33% 1.2 32% 1.2
(PbGl) 52% 3.7 40% 2.7
π0 data 21% 1.2 20% 1.2
(combined) 30% 3.7 24% 2.7
N+N ref. 20% 1.0 N/A

35% 5.0
⟨Nbinary⟩ 29% all
central 11% all
peripheral 30% all
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our task today is not to demonstrate that jets are still 
quenched, but to understand how these jets are modified 

and what that means about the inner workings of the 
QGP
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Au+Au collisions, with each divided by ⟨Nbinary⟩ for that
class. For π0 the weighted average of PbSc and PbGl results
is shown. The error bars indicate the statistical errors on the
spectra. The surrounding bands [shaded for π0’s, brackets
for (h+ + h−)/2] are the quadrature sums of (i) the parts of
the systematic errors on the spectra that do not cancel in the
ratio, and (ii) the uncertainty in ⟨Nbinary⟩ (see Table I).

TABLE I. Relative systematic errors on hadron yields and
central-to-peripheral ratios. The errors are quoted for rep-
resentative pT and vary between the values shown. For the
charged hadron (h) data the errors are highly correlated in
pT for both yields and ratios. For the π0 data, approximately
half of the error in the yield is perfectly correlated in pT , and
some correlation remains in the ratio.
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our task today is not to demonstrate that jets are still 
quenched, but to understand how these jets are modified 

and what that means about the inner workings of the 
QGP

this demands controlled, systematic 
measurements & systematic theory
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what do we know about how particles make up these jets?
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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.

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

Contents
1 Introduction 2

2 Experimental setup 4

3 Data sets and event selection 5

4 Jet and track selection 5

5 Analysis procedure 7

6 Systematic uncertainties 11

7 Results 14

8 Discussion 25

9 Summary 33

1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot dense matter called
the quark–gluon plasma (QGP); recent reviews can be found in Refs. [1, 2]. Hard-scattering processes
occurring in these collisions produce jets which traverse and interact with the QGP. The study of modifi-
cations of jet rates and properties in heavy-ion collisions compared to pp collisions provides information
about the properties of the QGP.

The rates of jet production are observed to be reduced by approximately a factor of two in lead–lead
(Pb+Pb) collisions at LHC energies compared to expectations from the jet production cross-sections
measured in pp interactions 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 momentum
in Pb+Pb collisions compared to pp collisions. These observations imply that some of the energy of the
parton showering process is transferred outside of the jet through its interaction with the QGP. This has
been termed “jet quenching”.

The distribution of particles within the jet are a�ected by this mechanism of energy loss. Several related
observables sensitive to the properties of the medium can be constructed. Measurements of the jet
shape [10] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [11–13]. In Ref. [13],
jet fragmentation functions are measured as a function of both the charged-particle transverse momentum,
pT, and the charged-particle longitudinal momentum fraction relative to the jet,

z ⌘ pT cos�R / pjet
T . (1)

The fragmentation functions are defined as:

D(z) ⌘ 1
Njet

dnch
dz
,
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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.

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.
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1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot dense matter called
the quark–gluon plasma (QGP); recent reviews can be found in Refs. [1, 2]. Hard-scattering processes
occurring in these collisions produce jets which traverse and interact with the QGP. The study of modifi-
cations of jet rates and properties in heavy-ion collisions compared to pp collisions provides information
about the properties of the QGP.

The rates of jet production are observed to be reduced by approximately a factor of two in lead–lead
(Pb+Pb) collisions at LHC energies compared to expectations from the jet production cross-sections
measured in pp interactions 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 momentum
in Pb+Pb collisions compared to pp collisions. These observations imply that some of the energy of the
parton showering process is transferred outside of the jet through its interaction with the QGP. This has
been termed “jet quenching”.

The distribution of particles within the jet are a�ected by this mechanism of energy loss. Several related
observables sensitive to the properties of the medium can be constructed. Measurements of the jet
shape [10] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [11–13]. In Ref. [13],
jet fragmentation functions are measured as a function of both the charged-particle transverse momentum,
pT, and the charged-particle longitudinal momentum fraction relative to the jet,

z ⌘ pT cos�R / pjet
T . (1)

The fragmentation functions are defined as:

D(z) ⌘ 1
Njet

dnch
dz
,
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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.

2
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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.
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1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot dense matter called
the quark–gluon plasma (QGP); recent reviews can be found in Refs. [1, 2]. Hard-scattering processes
occurring in these collisions produce jets which traverse and interact with the QGP. The study of modifi-
cations of jet rates and properties in heavy-ion collisions compared to pp collisions provides information
about the properties of the QGP.

The rates of jet production are observed to be reduced by approximately a factor of two in lead–lead
(Pb+Pb) collisions at LHC energies compared to expectations from the jet production cross-sections
measured in pp interactions 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 momentum
in Pb+Pb collisions compared to pp collisions. These observations imply that some of the energy of the
parton showering process is transferred outside of the jet through its interaction with the QGP. This has
been termed “jet quenching”.

The distribution of particles within the jet are a�ected by this mechanism of energy loss. Several related
observables sensitive to the properties of the medium can be constructed. Measurements of the jet
shape [10] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [11–13]. In Ref. [13],
jet fragmentation functions are measured as a function of both the charged-particle transverse momentum,
pT, and the charged-particle longitudinal momentum fraction relative to the jet,

z ⌘ pT cos�R / pjet
T . (1)

The fragmentation functions are defined as:

D(z) ⌘ 1
Njet

dnch
dz
,
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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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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.
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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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no significant mass modification observed in PbPb within the uncertainties

First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration
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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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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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related underlying event, the samples generated with JEWEL and Q-PYTHIA are embedded in a
simulated thermal background with particle momenta following a Maxwell-Boltzmann distri-
bution [44] with an average pT of 1.2 GeV and an average energy density corresponding to that
from events in the 0–10% centrality class in PbPb data.

3 Jet reconstruction
Offline particle candidates are reconstructed with the PF algorithm. This algorithm aims to re-
construct and identify each individual particle (PF candidate) using an optimized combination
of information from various elements of the CMS detector. For this analysis, the PF candidates
are treated as massless. Jets are clustered from PF candidates using the anti-kT algorithm with
a distance parameter of 0.4. Only jets with p

jet
T > 140 GeV and |hjet| < 1.3 are included in the

analysis due to the trigger.

In PbPb collisions, the constituents of the jet are corrected for the UE contribution using the
“constituent subtraction” algorithm [45]. This algorithm uses a particle-level approach that
removes or corrects jet constituents for the uncorrelated background based on the average UE
density in a given h region. This particle-by-particle subtraction allows the correction of both
the four-momentum of the jet and its substructure. A more detailed description of this method
can be found in Ref. [26].

The energy of reconstructed jets is corrected to the particle level with the corrections derived
from simulation and applied to the reconstructed jets in pp and PbPb collisions. Additional
corrections for the mismodeling of the detector response are also applied [46, 47].

4 Groomed jet mass
Jet grooming isolates the hard sub-components of a jet and removes soft and wide-angle radi-
ation, thereby highlighting jet substructure features. This procedure can be used to isolate a
hard splitting in the parton shower evolution. The soft components of a jet can originate from
many sources, including uncorrelated UE, initial state radiation, other uncorrelated hard scat-
tering in the collision, or soft gluons radiated by the hard parton which initiated the jet. The
SD jet grooming algorithm is used to extract the hard structure of jets, which is sensitive to the
impact of parton-medium interactions during the jet evolution. With this grooming technique,
the hard and soft parts of the jets can be separated in a completely theoretically controlled
way [20, 21, 48–51]. The procedure starts with a jet and reclusters the constituents with the
Cambridge–Aachen algorithm [52] to form an angular-ordered structure. A recursive pairwise
declustering step is then performed. In each step during the grooming procedure, the softer
leg of the considered subjet pair is dropped if the SD condition is not satisfied, resulting in a
smaller groomed pT than that of the original jet. The SD condition is the following [21]:

zg =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is
the distance between the two subjets in the h � f plane, R0 is the jet resolution parameter, and
zcut and b are adjustable parameters. The parameter zcut is the threshold for zg when the two
subjets are separated by the jet resolution parameter R0, and b controls the grooming profile as
a function of subjet separation DRij. When b = 0, the SD grooming threshold is independent
of DRij, and the grooming procedure is equivalent to the modified mass–drop tagger [20]. The

soft drop: recluster the jet with Cambridge-
Aachen then go through the constituents and 

exclude the softer leg unless

Larkoski et al. 1402.2657
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related underlying event, the samples generated with JEWEL and Q-PYTHIA are embedded in a
simulated thermal background with particle momenta following a Maxwell-Boltzmann distri-
bution [44] with an average pT of 1.2 GeV and an average energy density corresponding to that
from events in the 0–10% centrality class in PbPb data.

3 Jet reconstruction
Offline particle candidates are reconstructed with the PF algorithm. This algorithm aims to re-
construct and identify each individual particle (PF candidate) using an optimized combination
of information from various elements of the CMS detector. For this analysis, the PF candidates
are treated as massless. Jets are clustered from PF candidates using the anti-kT algorithm with
a distance parameter of 0.4. Only jets with p

jet
T > 140 GeV and |hjet| < 1.3 are included in the

analysis due to the trigger.

In PbPb collisions, the constituents of the jet are corrected for the UE contribution using the
“constituent subtraction” algorithm [45]. This algorithm uses a particle-level approach that
removes or corrects jet constituents for the uncorrelated background based on the average UE
density in a given h region. This particle-by-particle subtraction allows the correction of both
the four-momentum of the jet and its substructure. A more detailed description of this method
can be found in Ref. [26].

The energy of reconstructed jets is corrected to the particle level with the corrections derived
from simulation and applied to the reconstructed jets in pp and PbPb collisions. Additional
corrections for the mismodeling of the detector response are also applied [46, 47].

4 Groomed jet mass
Jet grooming isolates the hard sub-components of a jet and removes soft and wide-angle radi-
ation, thereby highlighting jet substructure features. This procedure can be used to isolate a
hard splitting in the parton shower evolution. The soft components of a jet can originate from
many sources, including uncorrelated UE, initial state radiation, other uncorrelated hard scat-
tering in the collision, or soft gluons radiated by the hard parton which initiated the jet. The
SD jet grooming algorithm is used to extract the hard structure of jets, which is sensitive to the
impact of parton-medium interactions during the jet evolution. With this grooming technique,
the hard and soft parts of the jets can be separated in a completely theoretically controlled
way [20, 21, 48–51]. The procedure starts with a jet and reclusters the constituents with the
Cambridge–Aachen algorithm [52] to form an angular-ordered structure. A recursive pairwise
declustering step is then performed. In each step during the grooming procedure, the softer
leg of the considered subjet pair is dropped if the SD condition is not satisfied, resulting in a
smaller groomed pT than that of the original jet. The SD condition is the following [21]:

zg =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is
the distance between the two subjets in the h � f plane, R0 is the jet resolution parameter, and
zcut and b are adjustable parameters. The parameter zcut is the threshold for zg when the two
subjets are separated by the jet resolution parameter R0, and b controls the grooming profile as
a function of subjet separation DRij. When b = 0, the SD grooming threshold is independent
of DRij, and the grooming procedure is equivalent to the modified mass–drop tagger [20]. The
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related underlying event, the samples generated with JEWEL and Q-PYTHIA are embedded in a
simulated thermal background with particle momenta following a Maxwell-Boltzmann distri-
bution [44] with an average pT of 1.2 GeV and an average energy density corresponding to that
from events in the 0–10% centrality class in PbPb data.

3 Jet reconstruction
Offline particle candidates are reconstructed with the PF algorithm. This algorithm aims to re-
construct and identify each individual particle (PF candidate) using an optimized combination
of information from various elements of the CMS detector. For this analysis, the PF candidates
are treated as massless. Jets are clustered from PF candidates using the anti-kT algorithm with
a distance parameter of 0.4. Only jets with p

jet
T > 140 GeV and |hjet| < 1.3 are included in the

analysis due to the trigger.

In PbPb collisions, the constituents of the jet are corrected for the UE contribution using the
“constituent subtraction” algorithm [45]. This algorithm uses a particle-level approach that
removes or corrects jet constituents for the uncorrelated background based on the average UE
density in a given h region. This particle-by-particle subtraction allows the correction of both
the four-momentum of the jet and its substructure. A more detailed description of this method
can be found in Ref. [26].

The energy of reconstructed jets is corrected to the particle level with the corrections derived
from simulation and applied to the reconstructed jets in pp and PbPb collisions. Additional
corrections for the mismodeling of the detector response are also applied [46, 47].

4 Groomed jet mass
Jet grooming isolates the hard sub-components of a jet and removes soft and wide-angle radi-
ation, thereby highlighting jet substructure features. This procedure can be used to isolate a
hard splitting in the parton shower evolution. The soft components of a jet can originate from
many sources, including uncorrelated UE, initial state radiation, other uncorrelated hard scat-
tering in the collision, or soft gluons radiated by the hard parton which initiated the jet. The
SD jet grooming algorithm is used to extract the hard structure of jets, which is sensitive to the
impact of parton-medium interactions during the jet evolution. With this grooming technique,
the hard and soft parts of the jets can be separated in a completely theoretically controlled
way [20, 21, 48–51]. The procedure starts with a jet and reclusters the constituents with the
Cambridge–Aachen algorithm [52] to form an angular-ordered structure. A recursive pairwise
declustering step is then performed. In each step during the grooming procedure, the softer
leg of the considered subjet pair is dropped if the SD condition is not satisfied, resulting in a
smaller groomed pT than that of the original jet. The SD condition is the following [21]:

zg =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is
the distance between the two subjets in the h � f plane, R0 is the jet resolution parameter, and
zcut and b are adjustable parameters. The parameter zcut is the threshold for zg when the two
subjets are separated by the jet resolution parameter R0, and b controls the grooming profile as
a function of subjet separation DRij. When b = 0, the SD grooming threshold is independent
of DRij, and the grooming procedure is equivalent to the modified mass–drop tagger [20]. The
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related underlying event, the samples generated with JEWEL and Q-PYTHIA are embedded in a
simulated thermal background with particle momenta following a Maxwell-Boltzmann distri-
bution [44] with an average pT of 1.2 GeV and an average energy density corresponding to that
from events in the 0–10% centrality class in PbPb data.

3 Jet reconstruction
Offline particle candidates are reconstructed with the PF algorithm. This algorithm aims to re-
construct and identify each individual particle (PF candidate) using an optimized combination
of information from various elements of the CMS detector. For this analysis, the PF candidates
are treated as massless. Jets are clustered from PF candidates using the anti-kT algorithm with
a distance parameter of 0.4. Only jets with p

jet
T > 140 GeV and |hjet| < 1.3 are included in the

analysis due to the trigger.

In PbPb collisions, the constituents of the jet are corrected for the UE contribution using the
“constituent subtraction” algorithm [45]. This algorithm uses a particle-level approach that
removes or corrects jet constituents for the uncorrelated background based on the average UE
density in a given h region. This particle-by-particle subtraction allows the correction of both
the four-momentum of the jet and its substructure. A more detailed description of this method
can be found in Ref. [26].

The energy of reconstructed jets is corrected to the particle level with the corrections derived
from simulation and applied to the reconstructed jets in pp and PbPb collisions. Additional
corrections for the mismodeling of the detector response are also applied [46, 47].

4 Groomed jet mass
Jet grooming isolates the hard sub-components of a jet and removes soft and wide-angle radi-
ation, thereby highlighting jet substructure features. This procedure can be used to isolate a
hard splitting in the parton shower evolution. The soft components of a jet can originate from
many sources, including uncorrelated UE, initial state radiation, other uncorrelated hard scat-
tering in the collision, or soft gluons radiated by the hard parton which initiated the jet. The
SD jet grooming algorithm is used to extract the hard structure of jets, which is sensitive to the
impact of parton-medium interactions during the jet evolution. With this grooming technique,
the hard and soft parts of the jets can be separated in a completely theoretically controlled
way [20, 21, 48–51]. The procedure starts with a jet and reclusters the constituents with the
Cambridge–Aachen algorithm [52] to form an angular-ordered structure. A recursive pairwise
declustering step is then performed. In each step during the grooming procedure, the softer
leg of the considered subjet pair is dropped if the SD condition is not satisfied, resulting in a
smaller groomed pT than that of the original jet. The SD condition is the following [21]:

zg =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is
the distance between the two subjets in the h � f plane, R0 is the jet resolution parameter, and
zcut and b are adjustable parameters. The parameter zcut is the threshold for zg when the two
subjets are separated by the jet resolution parameter R0, and b controls the grooming profile as
a function of subjet separation DRij. When b = 0, the SD grooming threshold is independent
of DRij, and the grooming procedure is equivalent to the modified mass–drop tagger [20]. The
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Figure 3: (left) The centrality dependence of Mg/p
jet
T , for PbPb events with 160 < p

jet
T <

180 GeV for the (0.1, 0.0) SD setting. Results are compared to the smeared pp spectra. (right)
The ratio of PbPb data over smeared pp data. The heights of the vertical lines (colored boxes)
indicate statistical (systematic) uncertainties. Statistical uncertainties are less than the marker
sizes in most bins.
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jet
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jet
T <
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As a consequence of the stronger grooming at large subjet opening angles, the result for the
(0.5, 1.5) SD setting probes potential modification of the core of the jet. On the contrary, in the
(0.1, 0.0) SD setting the grooming strength does not depend on the subjet opening angle and
therefore is sensitive to both the core and peripheral modifications. The comparison shows

exclude jet if final 2 subjets 
are at ΔR12 < 0.1 

(30%) 

calculate mass from these 
two subjets

1805.05145 Yi Chen, Wendnesday
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y dependence of inclusive jets and fragmentation functions

• why rapidity? 

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

• jet pT spectra become steeper with increasing |y| 

• decrease RAA with |y| 

• quarks jets should lose less energy than gluon 
jets 

• increase RAA with |y|
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y dependence of inclusive jets and fragmentation functions

• why rapidity? 

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

• jet pT spectra become steeper with increasing |y| 

• decrease RAA with |y| 

• quarks jets should lose less energy than gluon 
jets 

• increase RAA with |y|
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y dependence of inclusive jets and fragmentation functions

• why rapidity? 

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

• jet pT spectra become steeper with increasing |y| 

• decrease RAA with |y| 

• quarks jets should lose less energy than gluon 
jets 

• increase RAA with |y|
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and fragmentation functions?
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Figure 6: (a) Corrected distributions of charged particle scaled energy, xE =E/E jet, for
40.1 GeV g incl. gluon jets and 45.6 GeV uds quark jets. (b) The ratio of the gluon to quark
jet xE distributions for 40.1 GeV jets. The total uncertainties are shown by vertical lines. The
experimental statistical uncertainties are indicated by small horizontal bars. (The uncertainties
are too small to be seen for the uds jets.) The predictions of various parton shower Monte Carlo
event generators are also shown. These data are tabulated in Table 2.
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quark jets have more high z particles 
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are too small to be seen for the uds jets.) The predictions of various parton shower Monte Carlo
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quark vs gluon differences
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Figure 3: Fragmentation function in pp events as a function of charged particle pT (left) or z (right). Results are
shown for the measured distribution for photon-tagged jets (black), the analogous generator-level distribution in
P����� 8 events (green), and for the measured distribution for inclusive jets in a similar jet pT range (red). The
shaded bands correspond to the total systematic uncertainties on the data.

and 0.49 nb�1 of Pb+Pb collision data at psNN = 5.02 TeV with the ATLAS detector at the LHC. The
kinematic selections are chosen to ensure a topology with a single leading jet with large quark jet fraction
for study. In pp collisions, the photon–tagged jet fragmentation functions are systematically harder than
those measured in data for inclusive jets, consistent with the expectation based on this flavor di�erence.
Furthermore, they are reasonably well described by event generator simulations. In Pb+Pb collisions, the
fragmentation pattern of photon–tagged jets is observed to be modified through interaction with the hot
nuclear medium. In 30–80% Pb+Pb events, the modification pattern and overall magnitude is consistent
with that for inclusive jets at a similar pT range. However, jets in photon–tagged events are systematically
more strongly modified in 0–30% Pb+Pb events, to a degree not observed in inclusive jets. Since previous
studies by ATLAS of the rapidity and pT-dependence of fragmentation function modification suggest
that the flavor-dependence of such e�ects is small, these di�erences may arise in part from the di�erent
initial jet pT distributions selected in each analysis. Thus these results raise interesting questions about
the interplay of the flavor and kinematic selection of jets with their overall energy loss and modification
in high-energy nucleus–nucleus collisions.
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• photon-jet events dominated by q + g → q + γ process 

• changes the flavor mix with respect to inclusive jets 

• significant difference between inclusive and γ-
tagged fragmentation functions

ATLAS-CONF-2017-074

photon pT: 79.6-125 GeV 
jet pT:  63.1-144 GeV

Dennis Perepelitsa, Wednesday morning
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Figure 6: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon, between that
in 30–80% Pb+Pb collisions and pp collisions (left panels) and 0–30% Pb+Pb collisions and pp collisions (right
panels). Results are shown as a function of charged particle pT (top panels) or z (bottom panels). Hatched bands
and vertical bars show the total systematic and statistical uncertainties, respectively, for each measurement.
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as indicated, for clarity. Bottom: The ratios of the PbPb over smeared pp distributions. The ver-
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Figure 6: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon, between that
in 30–80% Pb+Pb collisions and pp collisions (left panels) and 0–30% Pb+Pb collisions and pp collisions (right
panels). Results are shown as a function of charged particle pT (top panels) or z (bottom panels). Hatched bands
and vertical bars show the total systematic and statistical uncertainties, respectively, for each measurement.
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Figure 4: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon, between that
in 30–80% Pb+Pb collisions and pp collisions (left panels) and 0–30% Pb+Pb collisions and pp collisions (right
panels). Results are shown as a function of charged particle pT (top panels) or z (bottom panels), for photon-tagged
jets (this measurement, black points) and for inclusive jets in psNN = 2.76 TeV Pb+Pb collisions [7, 14] (see text,
red points). Hatched bands and vertical bars show the total systematic and statistical uncertainties, respectively, for
each measurement.
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jets (this measurement, black points) and for inclusive jets in psNN = 2.76 TeV Pb+Pb collisions [7, 14] (see text,
red points). Hatched bands and vertical bars show the total systematic and statistical uncertainties, respectively, for
each measurement.

12

Yield Modification in Au+Au as a Function of pγ
T

0

0.5

1

1.5

2

2.5

Tz 0.20.40.60.81

 = 200 GeVs0-40% Au + Au @ 
(2007+2010+2011)

 < 7 GeV/cγ

T
   CoLBT_Hydro, 5 < p

 < 7 GeV/cγ

T
   5 < p

/2π| < π - φΔ   |

A
A

I

0

0.5

1

1.5

2

2.5
 = 200 GeVs0-40% Au + Au @ 

(2007+2010+2011)

 < 9 GeV/cγ

T
   CoLBT_Hydro, 7 < p

 = 7 GeVjet   BW-MLLA in medium E

 < 9 GeV/cγ

T
   7 < p

/2π| < π - φΔ   |

)         
T

 = ln (1/zξ
0 0.5 1 1.5 2 2.5

0

0.5

1

1.5

2

2.5
 = 200 GeVs0-40% Au + Au @ 

(2007+2010+2011)

 < 12 GeV/cγ

T
   CoLBT_Hydro, 9 < p

 < 12 GeV/cγ

T
   9 < p

/2π| < π - φΔ   |

PH ENIX
preliminary

• Transition from suppression to
enhancement not at a fixed
ξ = ln(1/zT) = ln(pγ

T /phT)
• Suggests transition is at an
approximately fixed phT

• Medium response in addition to
redistribution of lost energy from high
pT hadrons?

Joe Osborn (UM) 14

Large zT Small zT

γ-hadron correlations at 200 GeV AuAu collisions

Joe Osborn, Wednesday



photon-tagged fragmentation functions

!18

photon pT: 79.6-125 GeV 
jet pT:  63.1-144 GeV
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Figure 4: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon, between that
in 30–80% Pb+Pb collisions and pp collisions (left panels) and 0–30% Pb+Pb collisions and pp collisions (right
panels). Results are shown as a function of charged particle pT (top panels) or z (bottom panels), for photon-tagged
jets (this measurement, black points) and for inclusive jets in psNN = 2.76 TeV Pb+Pb collisions [7, 14] (see text,
red points). Hatched bands and vertical bars show the total systematic and statistical uncertainties, respectively, for
each measurement.
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photon-tagged fragmentation functions
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photon pT: 79.6-125 GeV 
jet pT:  63.1-144 GeV
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Figure 4: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon, between that
in 30–80% Pb+Pb collisions and pp collisions (left panels) and 0–30% Pb+Pb collisions and pp collisions (right
panels). Results are shown as a function of charged particle pT (top panels) or z (bottom panels), for photon-tagged
jets (this measurement, black points) and for inclusive jets in psNN = 2.76 TeV Pb+Pb collisions [7, 14] (see text,
red points). Hatched bands and vertical bars show the total systematic and statistical uncertainties, respectively, for
each measurement.
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photon pT: 79.6-125 GeV 
jet pT:  63.1-144 GeV
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Figure 4: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon, between that
in 30–80% Pb+Pb collisions and pp collisions (left panels) and 0–30% Pb+Pb collisions and pp collisions (right
panels). Results are shown as a function of charged particle pT (top panels) or z (bottom panels), for photon-tagged
jets (this measurement, black points) and for inclusive jets in psNN = 2.76 TeV Pb+Pb collisions [7, 14] (see text,
red points). Hatched bands and vertical bars show the total systematic and statistical uncertainties, respectively, for
each measurement.
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low pT enhancement begins at a similar pT to inclusive jets and at a similar pT between LHC and RHIC
looking forward to precision measurements with reconstructed jets at sPHENIX!

Yield Modification in Au+Au as a Function of pγ
T

0

0.5

1

1.5

2

2.5

Tz 0.20.40.60.81

 = 200 GeVs0-40% Au + Au @ 
(2007+2010+2011)

 < 7 GeV/cγ

T
   CoLBT_Hydro, 5 < p

 < 7 GeV/cγ

T
   5 < p

/2π| < π - φΔ   |

A
A

I

0

0.5

1

1.5

2

2.5
 = 200 GeVs0-40% Au + Au @ 

(2007+2010+2011)

 < 9 GeV/cγ

T
   CoLBT_Hydro, 7 < p

 = 7 GeVjet   BW-MLLA in medium E

 < 9 GeV/cγ

T
   7 < p

/2π| < π - φΔ   |

)         
T

 = ln (1/zξ
0 0.5 1 1.5 2 2.5

0

0.5

1

1.5

2

2.5
 = 200 GeVs0-40% Au + Au @ 

(2007+2010+2011)

 < 12 GeV/cγ

T
   CoLBT_Hydro, 9 < p

 < 12 GeV/cγ

T
   9 < p

/2π| < π - φΔ   |

PH ENIX
preliminary

• Transition from suppression to
enhancement not at a fixed
ξ = ln(1/zT) = ln(pγ

T /phT)
• Suggests transition is at an
approximately fixed phT

• Medium response in addition to
redistribution of lost energy from high
pT hadrons?

Joe Osborn (UM) 14

Large zT Small zT

γ-hadron correlations at 200 GeV AuAu collisions

Joe Osborn, Wednesday

3-4 GeV



shape measurements  of jets opposite a photon
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photon pT: > 60 GeV 
jet pT:  > 30 GeV

CMS: 1801.04895Kaya Tatar, Tuesday
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Figure 1: Top: The differential jet shape, r(r), for jets associated with an isolated photon for 50–
100%, 30–50%, 10–30%, 0–10% PbPb (full crosses), pp (open crosses) collisions, and PYTHIA MC
(histogram) Middle: The ratios of the PbPb over pp distributions. Bottom: The ratios of the MC
over pp distributions. The vertical lines through the points represent statistical uncertainties,
while the colored boxes indicate systematic uncertainties in data.
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over pp distributions. The vertical lines through the points represent statistical uncertainties,
while the colored boxes indicate systematic uncertainties in data.

radial distribution of tracks in a jet opposite 
the photon
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photon-jet balance

!20

photon pT: 100-158 GeV

ATLAS-CONF-2018-009, D Perepelitsa, Wednesday
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Figure 6: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 100–158 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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Figure 7: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 158–200 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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Figure 6: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 100–158 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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Figure 7: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 158–200 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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Figure 6: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 100–158 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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Figure 7: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 158–200 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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Figure 6: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 100–158 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
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increasing centrality → increasing shift to low xJγ

peak for nearly balanced pairs



photon jet double peak
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0-10% Pb+Pb 
pTɣ = 100-158 GeV
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Unfolding

smeared Pythia

QM ‘18QM ‘17

Dennis Perepelitsa, Wednesday morning
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ψPrompt J/
1.8 < |y| < 2.4 |y| < 2.4

Open charm
HIN-16-001 0D
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Prompt J/ψ 

Marta Verweij 20 

CMS-PAS-HIN-18-012 
arXiv:1712.08959 

Poster, B. Diab (J/Psi in jet), QRK-06 

pp: Prompt J/ψ fragmentation 

Prompt J/ψ in jet fragmentation function  
not well described by PYTHIA 
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PbPb: prompt J/ψ suppression 

J/ψ suppression similar to D0 suppression 
Jet quenching for charmonia?  

Talk, Quarkonia, Wed. 17:10, G. Oh 

looking forward D to measurements with higher luminosity and the ALICE upgrades
Venice, 14-19 May 2018 B.Trzeciak, HF correlations and jets in ALICE

D0-jets: D-meson jet momentum fraction
 Charged jet momentum fraction carried by D0 meson, pp collisions at √s = 7 TeV

  Goo  agreement with NLO pQCD POWHEG + PYTHIA6 pre �ct�ons
● Kinematics reach and precision can be extended with pp data at  √s = 5.02, 13 TeV 

5 < �et p
T
 < 15 GeV/c 15 < �et p

T
 < 30 GeV/c 15 < �et p

T
 < 30 GeV/c 

D p
T
 > 2 GeV/c D p

T
 > 6 GeV/c D p

T
 > 6 GeV/c 

12

New

Poster:
S. Aiola
OHF-02

Barbara Trzeciak, Tuesday CMS-PAS-HIN-18-012 , CMS-PAS-HIN-18-007, J Wang, Tues.
Jing Wang (MIT), D meson production in jets, QM2018 (Venice)  21

Last slide
Summary

• First measurement of the radial profile of D0 mesons in jets in PbPb and pp
➡ Hint of wider D0 radial profile in PbPb collisions at 4 < pTD < 20 GeV/c
➡ Ratio of PbPb/pp is consistent with unity at pTD > 20 GeV/c

• Provides new experimental constraints on
➡ heavy-flavor production 
➡ heavy quark energy loss and diffusion 
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D0s reconstructed in jets



XeXe
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Xe-Xe collisions in LHC, 13 October 2017

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018. 23

Papers at IPAC2018 
https://ipac18.org
http://ipac2018.vrws.de/

MOPMF039 First Xenon-
Xenon Collisions in the LHC

MOPMF038 Cleaning 
Performance of the 
Collimation System with Xe
Beams at the Large Hadron 
Collider

TUPAF020 Performance of the 
CERN Low Energy Ion Ring 
(LEIR) with Xenon

TUPAF024 Impedance and 
Instability Studies in LEIR 
With XenonFuture interest in lighter species?  



XeXe
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R
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 vs N
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RAA of charged particles in Xe–Xe collisions at
p

sNN = 5.44 TeV ALICE Collaboration

section is scaled by the average nuclear overlap function hTAAi. The resulting nuclear modifica-
tion factor as a function of transverse momentum is shown in Fig. 4 for nine centrality classes.
The overall normalization uncertainties for RAA are indicated by vertical bars around unity. The
uncertainties of the pp reference and the centrality determination are added in quadrature. The
latter is larger for Xe–Xe collisions than for Pb–Pb because of the less precisely known nuclear-
charge-density distribution of the deformed 129Xe and the resulting larger relative uncertainty
in hTAAi [18, 19]. The nuclear modification factor exhibits a strong centrality dependence with
a minimum around pT = 6–7 GeV/c and an almost linear rise above. In particular, in the 5%
most central collisions, at the minimum, the yield is suppressed by a factor of about 6 with
respect to the scaled pp reference. The nuclear modification factor reaches a value of 0.6 at the
highest measured transverse-momentum interval of 30–50 GeV/c. For comparison, the nuclear
modification factor RAA in Pb–Pb collisions at

p
sNN = 5.02 TeV is shown in Fig. 4 as open cir-

cles for the same centrality classes as Xe–Xe. In both collision systems, a similar characteristic
pT dependence of RAA is observed. In Pb–Pb collisions, the suppression of high-momentum
particles is apparently stronger for the same centrality class but still in agreement with Xe–Xe
collisions within uncertainties.

Nuclear modification factors from Xe–Xe and Pb–Pb collisions and their ratios at similar ranges
of hdNch/dhi are shown in Fig. 5. In 5% most central Xe–Xe collisions, the nuclear modifi-
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Fig. 5: Comparison of nuclear modification factors in Xe–Xe collisions (filled circles) and Pb–Pb col-
lisions (open circles) for similar ranges in hdNch/dhi for the 0–5% (left) and 30–40% (right) Xe–Xe
centrality classes. The vertical lines (brackets) represent the statistical (systematic) uncertainties.

cation factor is remarkably well matched by 10–20% central Pb–Pb collisions over the entire
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ALICE, ATLAS & CMS successfully took data for the very short XeXe run
Daiki Sekihata, Tuesday

Austin Baty, Tuesday
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1 Introduction

Jets and high pT hadrons produced in hard scattering processes provide an important probe of the properties
of the quark gluon plasma created in high-energy nuclear (A+A) collisions [1, 2]. The products of the
hard scattering evolve as parton showers that propagate through the medium and experience in-medium
energy loss in a process referred to as "jet quenching". Previous measurements show that the yield of
jets [3, 4] as well as charged hadrons [5–9] are suppressed in the heavy-ion (HI) collisions relatively to the
pp collisions at Large Hadron Collider (LHC) energies. In addition, measurements of the dijet asymmetry
[10–13] show that the two jets typically lose di�erent amounts of energy in the medium and provide
insight into the physics of parton energy loss in the quark-gluon plasma.

A short Xe+Xe run in 2017 provided the first heavy-ion collisions with nuclei lighter than Pb at the
LHC. The possibility of studying jet quenching in collisions of nuclei lighter than Pb is attractive as
the underlying event is smaller in the most central collisions where the collision geometry is the most
symmetric. The decrease in the number of nucleons or the nuclear radius between Pb and Xe nuclei may
be expected to a�ect the amount of jet quenching through a reduction in both the overall energy density
and the path lengths of the hard-scattered partons in the medium. However, there are di�erent ways to
compare observables sensitive to jet quenching between di�erent collision systems. In this note, Xe+Xe
and Pb+Pb results are compared using common collision centrality intervals — for which the two colliding
systems have similar degree of overlap – as well as common intervals of total forward transverse energy –
for which the two systems have a similar number of participants. The latter comparison has the advantage
that the underlying event in Pb+Pb and Xe+Xe collisions may be similar. Thus inferences may be made
from such comparisons without resorting to a full unfolding or detector response.

The dijet asymmetry xJ is defined as:

xJ =
pT2

pT1

, (1)

where pT1 is the leading jet transverse momentum and pT2 is the sub-leading jet transverse momentum.

The suppression of charged hadrons is measured using the nuclear modification factor, RAA:

RAA =
1
hTAAi

1/Nevt d2NXe+Xe/d⌘dpT

d2�pp/d⌘dpT
, (2)

where 1/Nevt d2NXe+Xe/d⌘dpT is the di�erential yield of charged particles measured in Xe+Xe collisions
per event; d2�pp/d⌘dpT is the di�erential proton–proton cross-section; and hTAAi is the nuclear thickness
function, which is defined by the collision geometry of the overlapping nuclei and which accounts for the
fact that in a given nucleus–nucleus collision, a nucleon may may interact with more than one nucleon from
the other nucleus. The variables ⌘ and pT denote particle pseudorapidity and transverse momentum.1

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
upwards. Cylindrical coordinates (r, �) are used in 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). Angular distance is measured in units of
�R ⌘

q
(�⌘)2 + (��)2.

2

m
ea

s
Jxd
Nd

  
N1

0.5

1

1.5

2

2.5

3

3.5

4
 PreliminaryATLAS
 = 0.4 jetsR tkanti-

 < 126 GeV
T1
p100 < 

0 - 10 %

 = 5.44 TeVNNsXe+Xe, 
 = 5.02 TeVNNsPb+Pb, 

Xe+Xe smeared to Pb+Pb

10 - 20 %

-1bµ2017 Xe+Xe data, 3 
-12015 Pb+Pb data, 0.49 nb

m
ea

s
Jxd
Nd

  
N1

0.5

1

1.5

2

2.5

3

3.5

4
20 - 30 % 30 - 40 %

meas
Jx

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

m
ea

s
Jxd
Nd

  
N1

0.5

1

1.5

2

2.5

3

3.5

4
40 - 60 %

meas
Jx

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

60 - 80 %

Figure 7: The 1/N dN/dxmeas
J distributions for jet pairs with 100 < pT1 < 126 GeV in di�erent centrality intervals.

The Xe+Xe data are shown in circles, while the Pb+Pb distribution is shown for comparison in diamonds. Statistical
uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes. The
Xe+Xe systematic uncertainties include all of the JES and JER uncertainties on Xe+Xe data. The Pb+Pb systematic
uncertainties include only the uncertainties that are uncorrelated between Xe+Xe and Pb+Pb collisions. The black
line represents the inclusion of additional fluctuations based on the results of the fluctuations analysis described in
Section 4.
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1 Introduction

Jets and high pT hadrons produced in hard scattering processes provide an important probe of the properties
of the quark gluon plasma created in high-energy nuclear (A+A) collisions [1, 2]. The products of the
hard scattering evolve as parton showers that propagate through the medium and experience in-medium
energy loss in a process referred to as "jet quenching". Previous measurements show that the yield of
jets [3, 4] as well as charged hadrons [5–9] are suppressed in the heavy-ion (HI) collisions relatively to the
pp collisions at Large Hadron Collider (LHC) energies. In addition, measurements of the dijet asymmetry
[10–13] show that the two jets typically lose di�erent amounts of energy in the medium and provide
insight into the physics of parton energy loss in the quark-gluon plasma.

A short Xe+Xe run in 2017 provided the first heavy-ion collisions with nuclei lighter than Pb at the
LHC. The possibility of studying jet quenching in collisions of nuclei lighter than Pb is attractive as
the underlying event is smaller in the most central collisions where the collision geometry is the most
symmetric. The decrease in the number of nucleons or the nuclear radius between Pb and Xe nuclei may
be expected to a�ect the amount of jet quenching through a reduction in both the overall energy density
and the path lengths of the hard-scattered partons in the medium. However, there are di�erent ways to
compare observables sensitive to jet quenching between di�erent collision systems. In this note, Xe+Xe
and Pb+Pb results are compared using common collision centrality intervals — for which the two colliding
systems have similar degree of overlap – as well as common intervals of total forward transverse energy –
for which the two systems have a similar number of participants. The latter comparison has the advantage
that the underlying event in Pb+Pb and Xe+Xe collisions may be similar. Thus inferences may be made
from such comparisons without resorting to a full unfolding or detector response.

The dijet asymmetry xJ is defined as:

xJ =
pT2

pT1

, (1)

where pT1 is the leading jet transverse momentum and pT2 is the sub-leading jet transverse momentum.

The suppression of charged hadrons is measured using the nuclear modification factor, RAA:
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hTAAi
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where 1/Nevt d2NXe+Xe/d⌘dpT is the di�erential yield of charged particles measured in Xe+Xe collisions
per event; d2�pp/d⌘dpT is the di�erential proton–proton cross-section; and hTAAi is the nuclear thickness
function, which is defined by the collision geometry of the overlapping nuclei and which accounts for the
fact that in a given nucleus–nucleus collision, a nucleon may may interact with more than one nucleon from
the other nucleus. The variables ⌘ and pT denote particle pseudorapidity and transverse momentum.1

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
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
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Figure 7: The 1/N dN/dxmeas
J distributions for jet pairs with 100 < pT1 < 126 GeV in di�erent centrality intervals.

The Xe+Xe data are shown in circles, while the Pb+Pb distribution is shown for comparison in diamonds. Statistical
uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes. The
Xe+Xe systematic uncertainties include all of the JES and JER uncertainties on Xe+Xe data. The Pb+Pb systematic
uncertainties include only the uncertainties that are uncorrelated between Xe+Xe and Pb+Pb collisions. The black
line represents the inclusion of additional fluctuations based on the results of the fluctuations analysis described in
Section 4.
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Centrality Dependence of AJ

Kun Jiang 5Quark Matter 2018, Venice, Italy

• Comparable between Au+Au Run 14 and Run 7 in 0-20% centrality 
(detector level) 

• Run14: large increase in statistics 
Æenable to study centrality dependence 

• Apparent evolution of AJ to more balanced jets in peripheral Au+Au
collisions 

RUN7: STAR PRL 119, 062301 (2017)

AJ = (pTlead - pTsublead) / (pTlead + pTsublead)

Kun Jiang, Wednesday
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Jets and high pT hadrons produced in hard scattering processes provide an important probe of the properties
of the quark gluon plasma created in high-energy nuclear (A+A) collisions [1, 2]. The products of the
hard scattering evolve as parton showers that propagate through the medium and experience in-medium
energy loss in a process referred to as "jet quenching". Previous measurements show that the yield of
jets [3, 4] as well as charged hadrons [5–9] are suppressed in the heavy-ion (HI) collisions relatively to the
pp collisions at Large Hadron Collider (LHC) energies. In addition, measurements of the dijet asymmetry
[10–13] show that the two jets typically lose di�erent amounts of energy in the medium and provide
insight into the physics of parton energy loss in the quark-gluon plasma.

A short Xe+Xe run in 2017 provided the first heavy-ion collisions with nuclei lighter than Pb at the
LHC. The possibility of studying jet quenching in collisions of nuclei lighter than Pb is attractive as
the underlying event is smaller in the most central collisions where the collision geometry is the most
symmetric. The decrease in the number of nucleons or the nuclear radius between Pb and Xe nuclei may
be expected to a�ect the amount of jet quenching through a reduction in both the overall energy density
and the path lengths of the hard-scattered partons in the medium. However, there are di�erent ways to
compare observables sensitive to jet quenching between di�erent collision systems. In this note, Xe+Xe
and Pb+Pb results are compared using common collision centrality intervals — for which the two colliding
systems have similar degree of overlap – as well as common intervals of total forward transverse energy –
for which the two systems have a similar number of participants. The latter comparison has the advantage
that the underlying event in Pb+Pb and Xe+Xe collisions may be similar. Thus inferences may be made
from such comparisons without resorting to a full unfolding or detector response.

The dijet asymmetry xJ is defined as:

xJ =
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, (1)

where pT1 is the leading jet transverse momentum and pT2 is the sub-leading jet transverse momentum.

The suppression of charged hadrons is measured using the nuclear modification factor, RAA:
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per event; d2�pp/d⌘dpT is the di�erential proton–proton cross-section; and hTAAi is the nuclear thickness
function, which is defined by the collision geometry of the overlapping nuclei and which accounts for the
fact that in a given nucleus–nucleus collision, a nucleon may may interact with more than one nucleon from
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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
upwards. Cylindrical coordinates (r, �) are used in 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). Angular distance is measured in units of
�R ⌘

q
(�⌘)2 + (��)2.
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looking forward to doing this 
comparison over a wider kinematic 

range at RHIC with sPHENIX!

Centrality Dependence of AJ

Kun Jiang 5Quark Matter 2018, Venice, Italy

• Comparable between Au+Au Run 14 and Run 7 in 0-20% centrality 
(detector level) 

• Run14: large increase in statistics 
Æenable to study centrality dependence 

• Apparent evolution of AJ to more balanced jets in peripheral Au+Au
collisions 

RUN7: STAR PRL 119, 062301 (2017)

AJ = (pTlead - pTsublead) / (pTlead + pTsublead)

Kun Jiang, Wednesday



LHC: looking to the future

!26

lighter ions could provide more jets at the LHC

Gains in ULTIMATE integrated nucleon-nucleon luminosity PER FILL wrt Pb-Pb

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018. 29

This would be on the assumption 
that a fill would be kept forever 
until one beam was exhausted (and 
other loss mechanisms are 
neglected).   Real gain/fill will be 
less.

In reality, one also gains from 
longer luminosity lifetime and 
less time spent refilling the 
machine.  

We will try to quantify this better 
in future. 

John Jowett, Tuesday morning



RHIC: looking to the future
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Jet Rates and Physics Reach Scientific Objective and Performance

1.10.4 Hard probe statistics and range in pT758

Figure 1.22 summarizes the current and future state of hard probes measurements in A+A759

collisions in terms of their statistical reach, showing the most up to date RAA measurements760

of hard probes in central Au+Au events by the PHENIX Collaboration plotted against761

statistical projections for sPHENIX channels measured after the first two years of data-762

taking. While these existing measurements have greatly expanded our knowledge of763

the QGP created at RHIC, the overall kinematic reach is constrained to < 20 GeV even764

for the highest statistics measurements. Figure 1.23 shows the expected range in pT for765

sPHENIX as compared to measurements at the LHC. Due to the superior acceptance,766

detector capability and collider performance, sPHENIX will greatly expand the previous767

kinematic range studied at RHIC energies (in the case of inclusive jets, the data could768

extend to 80 GeV/c, four times the range of the current PHENIX p0 measurements) and769

will allow access to new measurements entirely (such as fully reconstructed b-tagged jets).770

 (GeV/c)
T

p
0 10 20 30 40 50 60 70 80

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

γdirect 

HF
±e
0π

γdirect 
-jetb

jet
±h

sPHENIX:PHENIX:

Figure 1.22: Statistical projections for the RAA of various hard probes vs pT in 0–20% Au+Au
events with the sPHENIX detector after two years of data-taking, compared with a selection
of current hard probes data from PHENIX.

30

sPHENIX Conceptual Design Report1

CD-1 Review Release
May 11, 2018

2

looking forward to sPHENIX in 2023 

measurements we are making now will 
help us understand sPHENIX data when 

it comes

Yongsun Kim, Tuesday morning



looking forward
• as a community, much experience with modified jets in AA collisions 

• at this conference: many innovate & systematic measurements 

• what we need going forward:  

• consistent theory calculations over a wide range of observables and an understanding of what we learn 
from them 

• great to see the wealth of theory comparisons in talks/papers/notes and the release of JETSCAPE 

• focus on high quality measurements that are comparable between experiments (now and in the future) 
and with theory

!28
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both of these are necessary to make sure that we get the full benefit of the tremendous 
resources (time and money) that we are putting into heavy ion running over the next 

decade
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ratios of fragmentation functions in PbPb / pp
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Figure 23: Di�erence between Pb+Pb collisions and pp collisions in the total yield of charged particles, Nch |cent,
(left) and di�erence in the total transverse momentum carried by charged particles, Pch
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excess 1-4 GeV particles in PbPb compared to pp



angular structure of jets

!31

Jet axis
Rybar, Wed.



angular structure of jets

!31

Jet axis

  

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

Rybar, Wed.
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Track-to-jet correlations 
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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):
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where r < 0.6
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Figure 5: The radial jet momentum distribution P(Dr) of jets in pp (top left) and PbPb (middle
row) collisions. The PbPb results are shown for different centrality regions. The bottom row
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T . The shaded bands

show the total systematic uncertainties.
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Figure 6: Ratios of D(pT, r) distributions for pjet
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low momentum particles: broad angular distribution which extends far outside the jet
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Figure 5: The radial jet momentum distribution P(Dr) of jets in pp (top left) and PbPb (middle
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