
Jet Fragmentation & Substructure 
in Nuclear Collisions at the LHC

Anne M. Sickles

July 1, 2022



why jets in AA collisions?
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The Site of the Wright Brothers’ First Airplane Flight

"To understand the workings of 
the QGP, there is no substitute for 
microscopy.  We know that if we 

had a sufficiently powerful 
microscope that could resolve the 
structure of QGP on length scales, 
say a thousand times smaller than 

the size of a proton, what we 
would see are quarks and gluons 

interacting only weakly with each 
other.  The grand challenge for 
this field in the decade to come 

is to understand how these 
quarks and gluons conspire to 
form a nearly perfect liquid."
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Figure 4: Upper panel: The RAA values as a function of jet pT for jets with |y | < 2.8 for four centrality intervals
(0–10%, 20–30%, 40–50%, 60–70%). Bottom panel: The RAA values as a function of jet pT for jets with |y | < 2.8
for four other centrality intervals (10–20%, 30–40%, 50–60%, 70–80%). The error bars represent statistical
uncertainties, the shaded boxes around the data points represent bin-wise correlated systematic uncertainties. The
coloured and grey shaded boxes at RAA = 1 represent fractional hTAAi and pp luminosity uncertainties, respectively,
which both a�ect the overall normalisation of the result. The horizontal size of error boxes represents the width of
the pT interval.
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• RAA tells us jet quenching is 
important but it integrates over 
everything except the jet 
momentum


• the focus of current 
measurements is to understand 
how quenching depends on the:


• structure of the jet


• amount of QGP the jet sees

3 ATLAS:1805.05635

largest QGP

smallest QGP

jet rates / expectations 



fragmentation functions & substructure
• fragmentation functions: single particle distributions inside of jets


• direct measure of the average jet properties & how they are modified by 
the QGP interactions


• substructure: jet wide correlation measures


• sorting jets by substructure provides direct information on which jets 
are suppressed in the QGP

both types of measurements are very necessary to over-constrain the physics of interest

these measurements are very challenging in AA collisions due to the large UE
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Figure 6: Fragmentation functions as a function of the charged particle z in pp (left) and p+Pb collisions (right)
for the pjet

T intervals used in this analysis. The fragmentation functions in both collision systems are o↵set by
multiplicative factors for clarity as noted in the legend. The statistical uncertainties are shown as error bars and the
systematic uncertainties are shown as shaded boxes. In many cases the statistical uncertainties are smaller than the
marker size.

7 Results

The D(z) and D(pT) distributions in both collision systems are shown in Figures 6 and 7, respectively.
Figure 8 compares the D(z) distribution in pp collisions at 5.02 TeV to the predictions from three event
generators (Pythia6, Pythia8, and Herwig++) using the parameter-value tunes and PDF sets described
in Section 3 for the six pjet

T intervals. The Pythia8 generator provides the best description of the data,
generally agreeing within about 5 to 10% over the kinematic range used here. Pythia6 agrees within
approximately 25% when compared to the data and Herwig++ agrees within approximately 20% except
for the highest z region, where there are some larger deviations. Similar agreement with Pythia6 and
Herwig++ generators with di↵erent tunes than used in this analysis was reported by ATLAS in the meas-
urement of fragmentation functions in 7 TeV pp collisions [49]. The tunes of Pythia6 and Pythia8 used
here include the results from that measurement.

Figure 9 shows the pp fragmentation functions compared to two theoretical calculations. These predic-
tions use a slightly di↵erent definition of z compared to the definition used in this measurement. This
can introduce a di↵erence between the fragmentation functions of approximately 1%. The calculation in
Refs. [50, 51] provides fragmentation functions with next-to-leading-order (NLO) accuracy as well as a
resummation of logarithms in the jet cone size. The calculation in Ref. [52] is at NLO and uses the ap-
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1 Introduction

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

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

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

jet
T :

D(pT) ⌘ 1
Njet

dNch

dpT
, (1)

and
D(z) ⌘ 1

Njet

dNch

dz
, (2)

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

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

�R ⌘
q

(�⌘)2 + (��)2.
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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
,

2

2D unfolding in pTjet & z

corrects for jet energy resolution & fragmentation 
dependence of the calorimeter response

ATLAS:1706.02859



pp collisions
ALICE: 2204.10246

2D unfolding in pTjet & θg



pp measurements compared to generators
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Figure 8: Ratios of the particle-level D(z) distributions from Pythia6, Pythia8, and Herwig++ to the unfolded pp
data for the six pjet

T intervals used in this analysis. The statistical uncertainties are shown as error bars and the
systematic uncertainties in the data are shown as the shaded region around unity. In many cases the statistical
uncertainties are smaller than the marker size.
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Figure 9: Ratios of theoretical calculations from Refs. [50, 51] (solid points) and Ref. [52] (open points) to the un-
folded pp D(z) distributions for the six pjet

T intervals used in this analysis. The statistical uncertainties are shown as
error bars and the systematic uncertainties in the data are shown as the shaded region around unity. The uncertainties
in the theoretical calculations are not shown.
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differences between pp & generators require pp data as a reference for AA/ pA collisions
ALICE: 2204.10246



fragmentation functions in PbPb collisions
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Figure 6: Fragmentation functions, D(z) (left) and D(pT) (right), in pp collisions measured in five pjet
T ranges from

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

1
Njet

dnch
dpT
,

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

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

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

RD(z) ⌘
D(z)PbPb
D(z)pp

,

and
RD(pT) ⌘

D(pT)PbPb
D(pT)pp

.

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

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

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

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

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

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

3



fragmentation functions in z & pT
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quark & gluon fragmentation
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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.

35

quark jets have more 
high z particles than 

gluon jets

if gluons lose more energy than quarks, then there will be an enhanced 
fraction of quarks in PbPb compared to pp at a given jet pT



high z excess
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collisions compared to pp collisions, the di�erence between the two distributions is evaluated for the pjet
T

and centrality intervals used in this analysis:

Nch |cent ⌘
π pT,max

pT,min

�
D(pT)|cent � D(pT)|pp

�
dpT,

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

Pch
T |cent ⌘

π pT,max

pT,min

�
D(pT)|cent � D(pT)|pp

�
pTdpT.

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

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

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

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

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

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

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

1. Introduction

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

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

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

Recent measurements of the suppression of the
jet yield in 2.76 TeV Pb+Pb collisions at the LHC
[11] are expected to provide a more sensitive probe
of the physics of jet quenching at least through
the improved correlation between the measured jet
and the parent parton (shower) kinematics. Recent
measurements of the jet nuclear modification fac-
tor, RAA, for high transverse momentum jets show
a factor of ⇠ 2 suppression in the jet yield that
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how much energy is there in these soft 
fragments?
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FIG. 22. RD(z) for three p
jet
T ranges: 126–158 GeV (circles), 200–

251 GeV (diamonds), and 316–398 GeV (crosses) compared with
calculations from the SCET model [55,56].

analysis:

N ch|cent ≡
∫ pT,max

pT,min

[D(pT)|cent − D(pT)|pp]dpT,

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

P ch
T

∣∣
cent ≡

∫ pT,max

pT,min

[D(pT)|cent − D(pT)|pp]pTdpT.

The P ch
T |cent represents the total transverse momentum carried

by particles in the low pT enhancement region. The dependence
of N ch|cent and P ch

T |cent on p
jet
T and centrality is presented

in Fig. 23. Overall, both quantities are found to increase
as a function of p

jet
T and collision centrality. In the most

central collisions, N ch increases from approximately 1.5 to 2.0
particles over the p

jet
T range of this measurement. The amount

of transverse momentum carried by these particles increases
from approximately 2.5 to 4 GeV over the same p

jet
T range. In

peripheral collisions, the number of particles contributing to
the enhancement is much smaller, approximately 0.2 particles
carrying less than 0.5 GeV of transverse momentum in the
lowest p

jet
T range. These results are in qualitative agreement

with measurements of the same quantities in
√

sNN = 2.76
TeV Pb+Pb collisions [16]; however, the p

jet
T ranges are not

the same as used in this analysis and the p
jet
T dependence is not

reported in that measurement.
In order to quantify the rapidity dependence, the ratio of

RD(z) in the rapidity intervals 0.3–0.8, 0.8–1.2, and 1.2–2.1 to
the RD(z) in |y jet| < 0.3 is shown in Fig. 24 for p

jet
T intervals

of 126–158, 158–200, and 200–251 GeV and for 0–10%,
10–20%, and 20–30% central collisions. A similar quantity
was reported in Ref. [16] for 100–398 GeV jets at 2.76 TeV.
In that measurement, a small rapidity dependence for RD(z) is
observed at high z for jets with |y jet| < 0.8; however, no strong
conclusion could be drawn due to the size of the uncertainties.
The p

jet
T intervals used in the measurement presented here are

selected to be similar to those used in the measurement of frag-
mentation functions at 2.76 TeV. Furthermore, jets populating
the 200–251 GeV p

jet
T interval in collisions at 5.02 TeV have

similar fractions of quark- and gluon-initiated jets as jets hav-
ing pT between 126 and 158 GeV in 2.76 TeV collisions. The
ratios ofRD(z) evaluated in various rapidity intervals to the most
central rapidity RD(z) in different p

jet
T intervals suggest with a

FIG. 23. Difference between Pb + Pb collisions and pp collisions in the total yield of charged particles N ch|cent (left), and difference in the
total transverse momentum carried by charged particles P ch

T |cent (right) for particles with pT from 1 < pT < 4.2 GeV evaluated as a function
of p

jet
T for six centrality intervals. The vertical bars on the data points indicate statistical uncertainties while the boxes indicate systematic

uncertainties.
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Figure 4: The D(pT, r) distributions in pp (open symbols) and Pb+Pb (closed symbols) as a function of angular
distance r for pjet

T of 126 to 158 GeV. The symbols represent di�erent track pT ranges, and each panel is a di�erent
centrality selection. The vertical bars on the data points indicate statistical uncertainties, while the shaded boxes
indicate systematic uncertainties. The widths of the boxes are not indicative of the bin size, and the points are shifted
horizontally for better visibility. The distributions for pT > 6.3 GeV are restricted to smaller r values as discussed in
Section 5.
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1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot, dense matter called a
quark–gluon plasma, QGP (see Refs. [1, 2] for recent reviews). Jets from hard-scattering processes in these
collisions traverse and interact with the QGP, losing energy via a process called jet-quenching. The rates
and characteristics of these jets in heavy-ion collisions can be compared with the same quantities in pp
collisions, where the production of a QGP is not expected. This comparison can provide information about
the properties of the QGP and how it interacts with partons from the hard scatter.

Jets with large transverse momenta,pjet
T , in central lead–lead (Pb+Pb) collisions at the LHC are measured

at approximately half the rates in pp collisions when the nuclear overlap function of Pb+Pb collisions is
taken into account [3–7]. Similarly, back-to-back dijet [8–10] and photon–jet pairs [11, 12] are observed to
have less-balanced transverse momenta in Pb+Pb collisions compared to pp collisions. These observations
suggest that some of the energy from the hard-scattered parton may be transferred outside of the jet through
its interaction with the QGP medium.

Complementary measurements look at how the structure of jets in Pb+Pb collisions is modified relative to
that in pp collisions. Previous measurements have shown a broadening of jets in Pb+Pb [13–16], as well
as an excess of low- and high-momentum charged-particles and a depletion of intermediate-momentum
charged-particles associated with these jets [17–20]. Particles carrying a large fraction of the jet momentum
are generally closely aligned with the jet axis, whereas low-momentum particles are observed to have a
much broader angular distribution extending outside the jet [9, 21–24]. These observations suggest that
the energy lost via jet-quenching is being transferred to soft particles around the jet axis via soft gluon
emission [25–31]. Measurements of yields of these particles as a function of transverse momentum, pT,
and angular distance between the particle and the jet axis have the potential to provide further insight into
the structure of jets in the QGP, as well as provide information about how the medium is a�ected by the
presence of the jet.

This paper presents charged-particle pT distributions at a distance r around the jet axis1 that have been
corrected for detector e�ects. The measured yields are defined as:

D(pT, r) =
1

Njet

1
2⇡rdr

dnch(pT, r)
dpT

,

where Njet is the number of jets in consideration and nch(pT, r) is the number of charged particles with a
given pT at a distance r from the jet axis. The ratios of the charged-particle yields measured in Pb+Pb and
pp collisions,

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

D(pT, r)pp
,

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 z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as y = 0.5ln[(E + pz )/(E � pz )] where E
and pz are the energy and z-component of the momentum along the beam direction respectively. Transverse momentum and
transverse energy are defined as pT = p sin ✓ and ET = E sin ✓, respectively. The angular distance between two objects with
relative di�erences �⌘ and �� in pseudorapidity and azimuth, respectively, is given by

p
(�⌘)2 + (��)2.

2

provides the most detailed map of how 
jets are modified at low pT 

this kind of information is crucial to 
constraining models of energy loss & 

medium response 

  

Track-to-jet correlations 

4

ATLAS measurements at 2 different energies and 3 colliding systems:
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Measurement of fragmentation functions (FF):
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T selections. The vertical bars on the data
points indicate statistical uncertainties, while the shaded boxes indicate systematic uncertainties. The widths of the
boxes are not indicative of the bin size, and the points are shifted horizontally for better visibility.
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Figure 9: �D(pT, r) as a function of r in central collisions for all pT ranges in four pjet
T selections: 126–158 GeV,

158–200 GeV, 200–251 GeV, and 251–316 GeV. The vertical bars on the data points indicate statistical uncertainties,
while the shaded boxes indicate systematic uncertainties. The widths of the boxes are not indicative of the bin size,
and the points are shifted horizontally for better visibility.
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in pp collisions most particles are near the jet axis so looking (PbPb - pp) can 
be useful in addition to the ratio

quantify the modifications of the yields due to the QGP medium. Furthermore, the di�erences between the
D(pT, r) distributions in Pb+Pb and pp collisions,

�D(pT, r) = D(pT, r)Pb+Pb � D(pT, r)pp,

allow the absolute di�erences in charged-particle yields between the two collision systems to be measured.

2 ATLAS detector

The measurements presented here are performed using the ATLAS [32] calorimeter, inner detector, trigger,
and data acquisition systems.

The calorimeter system consists of a sampling liquid-argon (LAr) electromagnetic (EM) calorimeter covering
|⌘ | < 3.2, a steel–scintillator sampling hadronic calorimeter covering |⌘ | < 1.7, LAr hadronic calorimeters
covering 1.5 < |⌘ | < 3.2, and two LAr forward calorimeters (FCal) covering 3.1 < |⌘ | < 4.9.

The EM calorimeters are segmented longitudinally in shower depth into three layers with an additional
presampler layer. They have segmentation that varies with layer and pseudorapidity. The hadronic
calorimeters have three sampling layers longitudinal in shower depth.

The inner detector measures charged particles within the pseudorapidity interval |⌘ | < 2.5 using a
combination of silicon pixel detectors, silicon microstrip detectors (SCT), and a straw-tube transition
radiation tracker (TRT), all immersed in a 2 T axial magnetic field. Each of the three detectors is composed
of a barrel and two symmetric endcap sections. The pixel detector is composed of four layers, including
the insertable B-layer [33, 34] added in 2014. The SCT barrel section contains four layers of modules with
sensors on both sides, and each endcap consists of nine layers of double-sided modules with radial strips.
The TRT contains layers of staggered straws interleaved with the transition radiation material.

The zero-degree calorimeters (ZDCs) are located symmetrically at z = ±140 m and cover |⌘ | > 8.3. The
ZDCs use tungsten plates as absorbers, and quartz rods sandwiched between the tungsten plates as the active
medium. In Pb+Pb collisions the ZDCs primarily measure ‘spectator’ neutrons. These are neutrons that do
not interact hadronically when the incident nuclei collide. A ZDC coincidence trigger is implemented by
requiring the pulse height from both ZDCs to be above a threshold that accepts the signal corresponding to
the energy deposition from a single neutron.

This analysis uses the same trigger setup used in Ref. [20] and is briefly described below. A two-level trigger
system was used to select the Pb+Pb and pp collisions. The first level, L1, is based on custom electronics,
while the second level, the high-level trigger (HLT), is based on software [35]. Minimum-bias (MB) events
were recorded using a logical OR of two triggers: 1) a total-energy L1 trigger selecting more-central
collisions; 2) a ZDC coincidence trigger at L1 and a veto on the total-energy trigger, with the additional
requirement of at least one track in the HLT, selecting peripheral collisions. The total-energy trigger
required the total transverse energy measured in the calorimeter system to be greater than 50 GeV. Jet
events were selected by the HLT, seeded by a jet identified by the L1 jet trigger in pp collisions or by
the total-energy trigger with a threshold of 50 GeV in Pb+Pb collisions. The L1 jet trigger utilized in
pp collisions required a jet with transverse momentum greater than 20 GeV. The HLT jet trigger uses a
jet reconstruction procedure similar to that in the o�ine analysis as discussed in Section 4. It selected
events containing jets with a transverse energy of at least 75 GeV in Pb+Pb collisions and at least 85 GeV
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in PbPb collisions: large 
excess of soft particles, in & 
near the jet cone resulting 
from interactions between 

QGP & jet: both gluon 
radiation & response of the 

QGP



EW boson tagged-jets
EW boson (photon, Z) tag changes the jet flavor, 

geometry and reduces the effect of the background, at 
the cost of reduced rate

inclusive jets dominated by dijet production



photon-tagged jets
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Figure 1: Top: The centrality dependence of the x jet distribution for jets associated with an iso-
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Bottom: The ratios of the PbPb over smeared pp distributions. The vertical bars through the
points represent statistical uncertainties, while the colored boxes indicate systematic uncertain-
ties.
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jets opposite a photon: dominantly from q+g → γ+g process 
also allow lower jet pT because the γ tag suppresses fakes 

same qualitative behavior low z (high ξ) behavior as inclusive jets 

describing both inclusive and photon-tagged jets necessary in 
theoretical models



Z - hadron correlations
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tagging the Z-boson and forgoing jet reconstruction 
allows push to very low pT & large angle

EW boson tagged jet measurements will 
benefit greatly from increased LHC 

luminosity in Run 3



Z - hadron correlations

CMS:2103.04677
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experimental challenge: huge UE event at low pT



what is the small size limit of jet quenching?
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new ATLAS paper looking at 
jet-hadron correlations in pPb 

collisions; 
still no evidence of jet 

quenching in pPb collisions

2206.01138

this lack of suppression highlights the importance of the OO data at STAR & upcoming LHC data 
(2024) in understanding the small path length limit of jet quenching



 in PbPb collisionsθg

• increase in the fraction of small  jets in 
PbPb collisions as opposed to pp 
collisions

θg

Measurement of the groomed jet radius and momentum splitting fraction ALICE Collaboration

distribution is observed. This narrowing persists even in semi-central Pb–Pb collisions for R = 0.4 where
quenching effects are expected to be less than in central collisions.
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Figure 3: Unfolded qg distributions for charged-particle jets in pp collisions compared to those in Pb–Pb collisions
at

p
sNN = 5.02 TeV with zcut = 0.2 for 0–10% centrality for R = 0.2 (left) and 30–50% centrality for R = 0.4

(right). The distributions are normalized to the inclusive jet cross section in the 60 < pT, ch jet < 80 GeV/c interval,
and ftagged indicates the fraction of splittings that were tagged to pass the SD condition in the selected pT, ch jet

interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [63],
JEWEL [62, 64], Caucal et al. [34, 65], Pablos et al. [36, 66, 67], and Yuan et al. [31]. Further details can be found
in Ref. [50].

We compare the ratio of the measurements in pp and Pb–Pb collisions with several theoretical imple-
mentations of jet quenching:

– JETSCAPE [63] consists of a medium-modified parton shower with the MATTER model [68] con-
trolling the high-virtuality phase and the Linear Boltzmann Transport (LBT) model describing the
low-virtuality phase [69]. The version of JETSCAPE used for this calculation employs a jet trans-
port coefficient, q̂, that includes dependence on parton virtuality, in addition to dependence on the
local temperature and running of the parton-medium coupling.

– JEWEL [62, 64] consists a Monte Carlo implementation of BDMPS-based medium-induced gluon
radiation in a medium modeled with a Bjorken expansion. We consider the impact of medium recoil
by including calculations both with and without recoils enabled [70].

– Caucal et al. [34, 65] implements a pQCD parton shower with incoherent interactions including
both factorized vacuum and medium-induced emissions in a static brick medium.

– Chien et al. [33] (for zg only) applies Soft Collinear Effective Theory with Glauber gluon interac-
tions.

– Qin et al. [35] (for zg only) applies the higher twist formalism with coherent energy loss.

– Pablos et al. [36, 66, 67] consists of partons produced by a vacuum shower that interact with the
medium according to a strongly-coupled AdS/CFT-based model. The parameter Lres describes the
degree to which the medium can resolve the jet angular structure, where Lres = 0 corresponds to full
resolution of all jet constituents (fully incoherent), Lres = • corresponds to fully coherent energy
loss, and Lres = 2/pT is an intermediate case, where T is the local medium temperature.
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rg dependence of suppression

• clear rg dependence to RAA 


• rg, not jet pT, determines the RAA

24
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sPHENIX
• the kinematic reach of the LHC measurements has 

been key to extracting the physics


• with sPHENIX we will be able to fully exploit the RHIC 
luminosity and have large samples of jets in pp & AuAu 
collisions over most the available kinematic range

25

inner HCal insertion June 2022

https://www.bnl.gov/sphenix2022/
both sPHENIX & the LHC jet measurements are 

necessary to constrain the physics of jet quenching



summary
• jet structure & substructure measurements are a sensitive tool to measure to understanding the phenomenon of jet 

quenching 


• wider jets are suppressed more than narrow jets, single suppression pattern as a function of rg


• jet fragmentation is softened in PbPb collisions, but no evidence for modification in pPb collisions


• these measurements are hard—rely on detailed understanding of tracking & calorimetry, large fluctuating 
backgrounds in AA, …


• experimentalists and theorists should pay attention to how the measurements are done & what drives the 
uncertainties 

• measurements in pp collisions are an essential reference to measurements in AA & pA collisions—key to measure at 
both RHIC & the LHC


• LHC Run 3 starting in November: much more luminosity & OO collisions (2024)


• excited to use sPHENIX to harvest the full potential of RHIC 
measurements at the LHC, RHIC and soon the EIC will bring forth a precision era of using jets to 

understand QCD


