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There are many simultaneous unknowns in jet quenching theory: 

Strongly-coupled vs. weakly-coupled interaction
Color coherence
Spacetime picture of parton shower
Nature of quasiparticles
…

Jet substructure is an appealing tool to disentangle these

Target specific regions of phase space
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Resolved subjects lose 
energy independently 

Back to the Lund plane  
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Unmodified substructure, 
energy loss sensitive to total 
color charge (parent parton)
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Back to the Lund plane  

formation time:

Y. Mehtar-Tani

Jet substructure

The era of precision jet substructure studies
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The	Lund	plane	in	medium
Angular	ordering	not	expected	in	medium,	so	using	

CA	to	recluster is	an	operational	choice

New	scales	appear	due	to	the	medium	and	divide	the	

phase	space:	formation	time,decoherence time,	

decoherence angle…:

tf<td<L		vacuum	splittings inside	the	medium

In	medium	splittingswith	td>L	:not	resolved	by	

the	medium	

td � tf splitting	kinematics	dominated	by	

medium	effects	Lund	plane	not	filled	with	the	

pQCD uniform	probability

K.Tywoniuk et	al,	Novel	tools	and	observables
for	jet	physics	in	heavy	ion	collisons,
https://arxiv.org/pdf/1808.03689.pdf

Andrews et al.  JPG 47 (2020) 065102



James Mulligan, LBNL EPS-HEP 2021 July 26, 2021

Jets with ALICE
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ALICE reconstructs jets at midrapidity with a high-precision 
tracking system (ITS+TPC) and EMCal

Charged particle jets
High-precision spatial resolution to resolve particles

Full jets (charged tracks + EMCal     ,   )
More direct comparison to theory

Ideal for jet substructure measurements

pT,jet ≈ 20 − 200 GeV/c
|η | < 0.9

Neutral pion and h meson production at ALICE ALICE Collaboration

1 Introduction

Quantum Chromodynamics (QCD) [1], the fundamental theory of strong interactions, predicts that,
above a certain critical energy density, hadrons melt into a Quark-Gluon Plasma (QGP) [2, 3]. Such
a state of matter is believed to have existed a few microseconds after the Big Bang [4]. One of the goals
of lattice QCD calculations is the understanding of the properties of strongly interacting matter and the
nature of the phase transition that depends on the values of the quark masses and number of flavors.
For vanishing baryon chemical potential (µ) and for quark masses above a critical quark mass, a decon-
finement transition associated with chiral restoration takes place through a smooth crossover [5–8]. The
study and characterization of the QGP gives information on the crossover transition as well as insights
on the equation of state of deconfined matter [9, 10]. These transitions are expected to have occurred in
the early universe and therefore their study is also of relevance to cosmology [4].

Heavy-ion collisions at relativistic energies offer the possibility of studying the QGP by creating systems
of dense matter at very high temperatures. Of the many observables that probe the QGP, measurements
of p0 and h meson production over a large transverse momentum (pT) range and in different colliding
systems are of particular interest. At low pT (pT < 3 GeV/c), light meson production in heavy-ion
collisions gives insights about hadronization and collectivity in the evolution of the QGP. At high-pT

(pT > 5 GeV/c), it helps quantify parton energy loss mechanisms [11, 12]. High-pT particle suppression
in heavy-ion collisions with respect to pp collisions may be modified by cold nuclear matter effects, such
as nuclear parton distribution function (nPDF) modifications with respect to the vacuum. Measurements
in pA collisions are thus needed to disentangle cold nuclear effects from the observed high-pT particle
suppression in AA collisions.

Other interesting probes of the QGP that can benefit from neutral meson measurements are studies of
direct photon and heavy-flavor production measurements [13, 14]. The p0 and h mesons are the two
most abundant sources of decay photons (and electrons); as a consequence, they generate the primary
background for these rare probes. The first measurement of direct photons at the LHC [15] employed mT-
scaling and the K0

s reference measurement to estimate the h contribution to decay photons. Forthcoming
direct photon and heavy-flavor measurements at the LHC will be able to use the h measurement directly.

Measurements of pion spectra at RHIC [16, 17] at low transverse momentum were observed to be
well described by thermal models that assume a hydrodynamic expansion of a system in local equi-
librium [18]. The comparison of these models to data suggested the presence of a thermalized system
of quarks and gluons formed in the early stages of the collision. At LHC energies, the thermal models
that describe the RHIC data also describe the ALICE charged pion spectrum [19] for pT > 0.5 GeV/c.
Modern versions of these models fold in their calculations hydrodynamic expansion, which accounts
for transverse flow effects, simultaneous chemical and thermal freeze-out and inclusion of high mass
resonance decays from the PDG [1]. Among the many models that aim at explaining low-pT particle
production, the equilibrium and chemical non-equilibrium statistical hadronization models (EQ SHM
and NEQ SHM, respectively) have had their validity tested against LHC data from pT > 0.1 GeV/c. The
physics picture behind the NEQ SHM is a sudden hadronization of the QGP, that leads to the apperance
of additional non-equlibrium chemical potentials for light and strange quarks. The low pT pion enhance-
ment predicted by the NEQ relative to the EQ SHM can be interpreted as the onset of pion condensation
in ultra-relativistic heavy-ion collisions at the LHC energies [20–24]. Both predictions can be further
tested by measuring p0 and h production at LHC energies.

In the early RHIC program, a suppression of high-pT p0 production was observed in heavy-ion collisions
when compared to scaled pp data [25]. This suppression was interpreted as a consequence of the energy
loss of the scattered partons in the QGP generated in the collisions. From these observations, it was
deduced that the dense QGP medium is opaque to energetic (hard) colored probes. Regarding high-pT

particle production at the LHC, it must be considered that the energy density of the plasma is higher than

2
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resolution is (s(pT)/pT) = 0.8% at 1 GeV/c and 1.7% at 10 GeV/c in central Pb–Pb collisions [36, 39].

The EMCal [33] is a sampling calorimeter composed of 77 alternating layers of 1.4 mm lead and 1.7 mm
polystyrene scintillators. The EMCal is a fairly high granularity detector. It has a cell area of Dh ⇥
Df = 0.0143 ⇥ 0.0143 rad and an energy resolution of sE(GeV)/E = 4.8%/E � 11.3/

p
E � 1.7% [40].

In year 2011, it covered |h |< 0.7 and Dj = 100 degrees.

The main detectors used for triggering and characterization of the collision are the V0 [41] and the
Zero Degree Calorimeters (ZDC) [42]. The V0 consists of two scintillator arrays located on opposite
sides of the Interaction Point (IP) at 340 and 90 cm covering 2.8 < h < 5.1 and � 3.7 < h < � 1.7,
respectively. The ZDC detectors are located at a distance of 114 m on both sides of the IP and detect
spectator nucleons.

The Pb–Pb data sample used for this analysis was collected in the 2011 LHC run. During that period,
about 358 ion bunches circulated in each LHC beam, with collisions delivering a peak luminosity of
4.6 ⇥ 10�4µb�1s�1, corresponding to an average of about 10�3 hadronic interactions per bunch cross-
ing. The minimum bias (MB) trigger was defined by the coincidence of signals in the two V0 arrays
synchronized with a bunch crossing. An online selection based on the measured V0 amplitudes was
employed to enhance central (0–10%) and semi-central (0–50%) events [36]. The ZDC and the V0 were
also used for the rejection of pile-up and beam-gas interactions. The centrality class definition was based
on the V0 amplitude distributions. The number of binary collisions (Ncoll) for a given value of the cen-
trality was extracted with the help of a Glauber model [43] as detailed in [39, 44]. Only events with a
reconstructed primary vertex within |zvtx| < 10 cm of the nominal interaction vertex along the beam di-
rection were accepted. The data are analyzed in two centrality classes: 0–10% and 20–50%, containing
1.9 (1.6) ⇥ 107 and 1.3 (1.1) ⇥ 107 events for PCM (EMCal), respectively. The minimum bias trigger
cross section, s PbPb

MB = (7.64±0.22(syst.)) b [44], was determined using van der Meer scans [45]. The inte-
grated luminosity, corresponding to the number of analyzed events normalized by s PbPb

MB in each centrality
percentile, is 20.1 µb�1 and 4.8 µb�1 for 0–10% and for 20–50%, respectively.

3 Analysis methods

The p0 and h mesons are reconstructed using the two-photon decay channel, p0 ! gg and h ! gg , with
a branching ratio of (98.823 ± 0.034)% and (39.41 ± 0.20)% [1], respectively. With the photon conver-
sion method, photons that convert in the detector material are measured by reconstructing the electron-
positron pairs in the central rapidity detectors using a secondary vertex (V0) finding algorithm [36]. This
method produces a V0 candidate sample on which the analysis quality selection criteria were applied,
as done in [27, 46]. Electrons, positrons and photons are required to have |h | < 0.9. To ensure track
quality, a minimum track momentum of 50 MeV/c and a fraction of TPC clusters over findable clusters
(the number of geometrically possible clusters which can be assigned to a track) above 0.6 have been
required. Moreover, a maximum conversion radius of 180 cm delimits the TPC fiducial volume for good
track reconstruction, while a minimum of 5 cm rejects Dalitz decays of the type p0 (h)! e

+
e
�g . The

specific energy loss dE/dx should be within the interval [�3 sdE/dx, +5sdE/dx] from the expected electron
Bethe-Bloch parametrization value, where s is the standard deviation of the energy loss measurement.
Pions are rejected by a selection of 3s above the pion hypothesis in the range 0.4 < p < 2 GeV/c and of
1s for p > 2 GeV/c. The smaller rejection with respect to the previous Pb–Pb measurement translates
into a larger efficiency at high-pT for the p0 and h mesons. To further reject K0

s
, L and L from the V0

candidates, a selection is applied on the components of the momenta relative to the V0, using the asym-
metry of the longitudinal momentum of the V0 daughters (aV 0 = (p

e
+

L
� p

e
�

L
)/(p

e
+

L
+ p

e
�

L
)), and on the

transverse momentum of the electron with respect to the V0 momentum (qT = pe ⇥ sinqV0 ,e). V0 candi-
dates are selected with a two-dimensional elliptic selection criterion of (aV 0/aV 0

max
)2 +(qT/qT, max)2 < 1,

with aV 0
max

= 0.95 and qT, max = 0.05 GeV/c, in order to increase the purity while optimizing efficiency

4
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Experimental challenge: Background
Ensemble observables Object identification

For observables that involve jet-by-jet object 
identification: background can induce mis-tagging

3

8

FIG. 1: Example of a PYTHIA jet (left) and the same jet embedded into thermal background
(right). In the case of thermal background, a background fluctuation at large angle passing the

grooming condition results in the subleading prong being absorbed in the leading prong.

For an overview of the phase space that each of the grooming algorithms selects, we plot the
primary Lund plane density ⇢(, Rg) = 1

Njet

d2N
d ln()/d ln(1/Rg) for identified splittings in Fig. 2 [24].

We note that several of these groomers are expected to select similar phase space: max-z, max-
psoft
T , and Dynamical Grooming a = 0.1 select approximately on the longitudinal momentum of the

splitting; max-, max-kT , and Dynamical Grooming a = 1.0 select approximately on the transverse
momentum of the splitting; min-tf and Dynamical Grooming a = 2.0 select approximately on the
mass of the splitting.

B. Prong matching

In order to study the impact of the heavy-ion background on the reconstruction of groomed
splittings, we examine where > 50% of the PYTHIA subleading prong (by pT) is reconstructed in
the combined event. We consider only the case where both the PYTHIA jet and the combined jet
pass the grooming condition. We categorize six possibilities – the PYTHIA subleading prong is:

1. Correctly reconstructed in the subleading prong of the combined jet.

2. Reconstructed in the leading prong of the combined jet, and the PYTHIA leading prong is
reconstructed in the subleading prong of the combined jet. That is, both prongs are correctly
identified, but they ‘swap’ which is leading and which is subleading. In this case, zg and ✓g

are invariant – although iterative observables are not.

3. Reconstructed in the leading prong of the combined event, and the PYTHIA leading prong is
not reconstructed in the subleading prong of the combined event. This is the most common
way that an incorrect splitting is reconstructed, typically by a background fluctuation at large
angle passing the grooming condition. Due to angular clustering, this by definition results in
the subleading prong being absorbed in the leading prong, as shown in Fig. 1.

4. Reconstructed in the groomed-away constituents of the combined jet.

5. Reconstructed nowhere in the combined jet, but rather its constituents are elsewhere in the
combined event.

6. Not reconstructed in any of the above categories; for example, it may have 1/3 of its pT split
between three categories.
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FIG. 4: Distributions of zg (left) and ✓g (right) when PYTHIA is embedded in the heavy-ion
background, as well as from PYTHIA (‘Truth’). The bottom panels show the purity and the ratio

of the embedded distribution to the PYTHIA distribution. Top: Low-pT, zcut = 0.1. Middle:
Low-pT, zcut = 0.2. Bottom: High-pT, zcut = 0.1.
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of the embedded distribution to the PYTHIA distribution. Top: Low-pT, zcut = 0.1. Middle:
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For observables that don’t involve event-by-event 
identification of objects: ensemble-based methods 

Semi-inclusive hadron-jet measurement in central Pb–Pb ALICE Collaboration
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Fig. 2: Uncorrected trigger-normalized recoil charged jet distributions for central Pb–Pb collisions, with Signal
TT{20,50} and Reference TT{8,9}. Jets are reconstructed with the anti-kT algorithm, constituent pT,const > 0.15
GeV/c, and R = 0.2, 0.4, and 0.5. Left: individual spectra. Right: their ratios. The red line shows a linear fit in the
indicated region. Error bars show statistical errors only. Left-middle panel (R = 0.4) is identical to right panel in
Fig. 1.

Figure 2, left panels, also show the integrals of the distributions. The integrals are seen to be insensitive
to TT class for a given R, with variations at the percent level or smaller, while the value of the integral
depends strongly on R. These features are consistent with the geometric interpretation of the integral
given in Sect. 4.4.

Table 1 shows the parameters resulting from the fit of a linear function to the ratios in the right panels
of Fig. 2, in the region of preco,chT,jet where the distributions are largely uncorrelated with TT class. The
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Groomed observables, leading subjets, …Ungroomed angularity, mass, N-subjettiness, …
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Groomed jet substructure

5

The cores of jets are narrower in 
Pb-Pb compared to pp collisions

Sensitive to QGP resolution length

No significant modification 
in  distributionzg

How is the hard jet 
substructure modified 
in heavy-ion collisions?

arXiv 2107.12984
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N-subjettiness

6

Substructure of recoiling jet in semi-inclusive hadron-jet coincidence

Hard Probes 2020 Jaime Norman (Liverpool) 

⟶ Measure trigger-normalised yield of jets 
recoiling from a trigger hadron

7

⟶ Well defined in pQCD (ratio of high pT hadron/jet cross sections)  

Recoil jets: 
⟶ Statistical subtraction of combinatorial background:


• Unbiased fragmentation

• Access Low pT jets: reduce vacuum broadening; most sensitive to jet deflection

• Access Large R jets: access to intra-jet broadening


⟶ Expected geometrical bias towards longer in-medium path lengths

Method

1
NAA

trig

d3NAA
jet

dpch
T,jetdΔφdηjet pT,h∈TT

= ( 1
σpp→h+X ⋅ d3σpp→h+jet+X

dpch
T,jetdΔφdη )

pT,h∈TT

D. de Florian, Phys. Rev. D 79, 114014

Δφ

arXiv 2105.04936

First measurements of N-subjettiness in central Pb–Pb collisions ALICE Collaboration

4 N-subjettiness, aperture angle and axis definitions

This analysis measures the proportion of two-pronged jets in Pb–Pb compared to pp collisions. In order
to tag jets as being single-pronged or two-pronged, the N-subjettiness [44] observable is chosen. N-
subjettiness is a jet substructure observable, denoted by tN , which quantifies the degree to which a jet
has a N(or fewer)-pronged substructure. It is measured relative to N axes, which are the axes of the
subjets returned by unwinding the reclustering history of a given choice of reclustering algorithm by
N �1 steps, and is defined as,

tN =
1

pT,jet ⇥R
Â
k

pT,k minimum(DR1,k,DR2,k, ....,DRN,k), (3)

where k runs over the list of jet constituents. The transverse momentum, relative to the beam, of con-
stituent k is denoted as pT,k and DRS,k is the distance in the pseudorapidity-azimuthal (h-j) plane be-
tween the constituent k and the axis of subjet S. The observable is normalised by the product of the jet
resolution parameter, R, and the jet transverse momentum, pT,jet.

If the bulk of the pT,jet is correlated to at least one of the subjet axes, the jet is composed of N or fewer
well defined subjets and tN tends to zero. If a sizeable fraction of the pT,jet is not aligned with any of
the subjet axes, the jet is composed of at least N +1 subjets and tN tends to unity. The ratio of tN/tN�1
is sensitive to exactly N-prongs in a jet, as an N-pronged jet is expected to have low tN and high tN�1
values. In this way, the ratio of the two quantities is more discriminative of N-prongness in jets than
either quantity on its own.

The N-subjettiness observable was originally designed to identify boosted hadronically-decaying objects
such as W bosons and top quarks [44,45] Reconstructed jets containing a W boson exhibit a distinct two-
pronged energy flow due to the two hard subjets produced by the decay of the W boson to two quarks.
The ratio of t2/t1 can be used to discriminate these jets from quark and gluon-initiated jets, which
are primarily single-cored. In this paper the measured ratio of t2/t1, on a jet-by-jet basis, is used to
identify the two-pronged subsample of QCD jets in both pp and Pb–Pb collisions. Jets with a clear two-
pronged substructure relative to the subjet axes will have low t2 and high t1 values, resulting in a small
t2/t1 ratio. Various jet quenching mechanisms, such as medium-induced semi-hard radiation emitted at
large angles, are expected to change the rate of two-pronged QCD jets in heavy-ion collisions relative
to the vacuum [46]. Hard medium-induced radiation could be a signature of the jet interacting with
the partonic structure of the QGP, since large momentum transfers are suppressed for strongly-coupled
degrees of freedom [23]. This type of radiation could create an additional prong in the jet, transforming
the predominantly single-pronged QCD jets, into two-pronged objects. It has also been postulated that
colour coherence effects [22], arising from the finite resolving power of the medium with respect to jet
substructure, could result in a larger degree of quenching for two-pronged jets compared to single-cored
jets. This would result in a decrease in the population of two-pronged jets in Pb–Pb compared to pp
collisions.

In addition to the t2/t1 observable, the aperture angle between the two selected subjet axes in the N = 2
case, DR, is reported in pp collisions. Since the degree to which the jet substructure is two-pronged de-
pends on the angular separation of the prongs, in addition to the way the pT,jet is distributed among them,
this observable provides complementary information to t2/t1. The measurements of the DR observable
in pp collisions also provide an important baseline for measurements of this observable in heavy-ion col-
lisions, where they can be used to directly probe the angular resolving power of the medium with respect
to coloured structures.
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constituent or “ghost" that it belonged to is removed from the next iteration of pairing. In this way, the
average underlying event background is removed at a constituent level from the jets. The area-derivatives
method employs a numerical approach to account for the underlying background. The jet is populated
with “ghost" particles and the background subtracted observable of interest is redefined as an expansion
containing the observable measured in the presence of the background and its derivatives (in this work
up to the second order) with respect to the p

ch
T scale of the “ghosts", which are subtracted from the first

term. This series is then numerically solved in the limit that the “ghost" p
ch
T scale goes to zero, which

represents the case with no underlying event background. A detailed description of the methods and their
application to jet substructure observables in ALICE can be found in [13].

3.2 Suppression of combinatorial jets via hadron-jet correlations in heavy-ion collisions

In order to suppress the combinatorial jet yield in the measured sample, a data-driven method using semi-
inclusive hadron-jet correlations, is applied. First, two exclusive classes of high trigger charged hadron
pT, with 15  pT < 45 GeV/c (Signal) and 8  pT < 9 GeV/c (Reference), denoted as TT{15,45} and
TT{8,9} (where TT stands for trigger track), are considered. These intervals are similar to those used
in [8] and are chosen so as to optimise the signal-to-background ratio, as described below. The event
sample is split into two statistically independent samples for the signal and reference measurements.
Jet finding is then performed in events containing a trigger hadron, with the jets constrained to a back-
to-back (with respect to the trigger hadron) azimuthal window, Dj = jTT �jjet, which is defined such
that |p-Dj|< 0.6. This region of azimuthal phase space is chosen to account for in-medium deflections
of the recoiling parton. The same pseudorapidity window of |h | < 0.5, as described in Section 3, is
used for jet selection. The contribution of combinatorial jets found in the recoiling region of the high
transverse momentum trigger hadrons is expected to be uncorrelated to these hadrons and hence equal
for both TT classes. Therefore, subtracting the per-trigger normalised yield of jets measured in the recoil
regions of the two classes results in a combinatorial-suppressed distribution which allows for unfolding
to particle level. The two trigger classes are of sufficiently high pT so that topological, multiplicity and
flow biases induced by a trigger hadron saturate and are removed by the subtraction procedure. In this
paper the hadron-jet recoil method is applied for the first time to a jet substructure measurement, where
the subtraction involves the two-dimensional recoil yields of p

ch
T,jet and the t2/t1 substructure observable

(defined in Section 4) measured for each trigger hadron class. The subtraction procedure is given by,

Dt2/t1
recoil =

1
Ntrig,Sig

d2
N

dp
ch
T,jetdt2/t1

�����
pT,trig2TTSig

� 1
Ntrig,Ref

d2
N

dp
ch
T,jetdt2/t1

�����
pT,trig2TTRef

, (2)

where TTSig and TTRef represent TT{15,45} and TT{8,9}, respectively. The variables Ntrig,Sig and
Ntrig,Ref represent the number of trigger hadrons selected in the signal and reference classes, respectively.
It should be noted that the scale factor term found in [8], which corrects the reference trigger class yield
for effects of finite phase-space in the recoil region, is omitted. The impact of this scale factor is found
to be negligible through tests in data. This follows from the fact that this correction mostly affects the
absolute yield of the subtracted distribution and has a smaller impact on the shape of the distribution. As
the PYTHIA distributions are compared with inclusive measurements in pp collisions, only the descrip-
tions of the shapes of the distributions are validated. As the descriptions in PYTHIA of the magnitudes
of the semi-inclusive yields of the observables are not validated, the presented measurements in Pb–Pb
collisions are self normalised for comparisons to PYTHIA. As such, the scale factor correction has a
negligible impact on the results.
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Figure 7: Fully corrected t2/t1 distributions, measured with the kT, C/A and C/A with Soft Drop grooming
algorithms, in Pb–Pb collisions at

p
sNN = 2.76 TeV for jets with R = 0.4 in the jet p

ch
T,jet interval of 40–60 GeV/c,

are shown. The systematic uncertainties are given by the grey boxes. The results are self normalised and compared
with PYTHIA6 Perugia 2011 and PYTHIA8 Monash. The uncertainties presented for the PYTHIA distributions
are purely statistical.

8 Conclusions

The first measurements of t2/t1 in heavy-ion collisions have been presented, as a means to explore a
possible change in the degree to which the internal structure of jets are composed of two distinct sub-
structures. This two-prongness of jets might be sensitive to coherence effects in the QGP, where jets
with distinct substructures that are resolved by the medium, are expected to lose more energy compared
to jets where the energy flow is concentrated in a single core. The measurements are made relative to
a variety of axes choices, selected through the use of different reclustering metrics and grooming pro-
cedures, which are in turn potentially sensitive to different aspects of in-medium jet modification. In
order to extend this substructure measurement to low jet transverse momentum and large jet resolution,
where the impact of the underlying heavy-ion background on the yield of jets is large, a semi-inclusive
hadron-jet coincidence technique was extended for the first time to a substructure observable, allowing

17

No strong modification of “pronginess” 
of jets in heavy-ion collisions

Medium-induced emissions are not 
hard enough to produce a new prong

Similar to  being unmodified?zg

Small :τ2/τ1
“2-prongy”

Large :τ2/τ1
“1-prongy”
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1 Introduction1

In this analysis, we consider jet substructure measurements in which we first inclusively cluster jets with2

the anti-kT jet algorithm with jet radius R, and then recluster the jet constituents with the anti-kT jet3

algorithm with jet radius r < R. We consider both the inclusive subjet population as well as the leading4

subjet population – where in both cases the initial jet finding is done inclusively.1 Note that various5

subjet observables have been previously proposed as sensitive jet quenching observables [1].6

Here, we consider the fraction of transverse momentum carried by the subjet compared to the initial jet:7

zr =
pch subjet

T

pch jet
T

.

Note that for zr > 0.5, the leading and inclusive subjet distributions are identical.8

This observable provides two compelling ways to probe jet quenching:9

1. Test universality of jet fragmentation in the QGP. Measurements of zr are directly sensitive to the10

in-medium parton-to-subjet fragmentation function Jr,med(z), and can be used to extract Jr,med(z).11

The extracted Jr,med(z) can then be compared to the independently extracted in-medium parton-12

to-jet fragmentation function, Jmed(z) [2]. In vacuum, it is expected that Jr,med(z) = Jmed(z) up to13

power corrections. However, it is unknown whether such universality holds in the QGP, and is14

closely related to factorization breaking. Measurement of zr in heavy-ion collisions will directly15

test this universality.16

2. Directly measure jet energy loss. Traditionally, the fraction of “out-of-cone” energy transport has17

been inferred by comparing jet yields in pp and Pb–Pb collisions. Recently, a more direct and18

well-defined method of measuring energy loss was proposed [3]. This can be done by comparing19

moments of the leading and inclusive subjet zr distributions, i.e. computing the fraction of jet20

energy not carried by the leading subjet. This “energy loss” observable can then be computed in21

both pp and Pb–Pb collisions, and the difference is a well-defined direct measure of energy loss in22

heavy-ion collisions, without any need to use modeling assumptions to infer the energy loss from23

yields.24

We also choose to measure zr due to recent studies of mis-tagging of jet substructure objects due to25

the heavy-ion underlying event [4]. Reclustered subjets, as compared to groomed jets, may exhibit26

improved robustness to mis-tagging effects. In Pb–Pb collisions, we perform a philosophically similar27

measurements as in Ref. [5] in the sense that we tag a substructure object event-by-event, and measure28

only in an approximately background-free part of phase space, in this case restricting zr to be sufficiently29

large (and thereby preventing us from measuring the inclusive subjet distribution).30

In pp collisions, the inclusive subjet zr distribution has been calculated at NLO+LL [6], and the leading31

subjet zr distribution (and accordingly the “energy loss”) is in progress [3]. There has not yet been any32

measurement of zr. In pp collisions, measurements of zr will test the perturbative accuracy of these ob-33

servables, including investigating the relevance of threshold resummation at large-zr and small-zr, which34

has not yet been directly observed, and testing the nonlinear leading jet function evolution equation.35

The large-zr and small-zr regions may also be useful to constrain hadronization models. Furthermore,36

inclusive subjet measurements can be used to extract the LL splitting function, and compare to similar37

extractions from groomed jet measurements of zg.38

1Note that this procedure does not involve grooming in any way. We use the term subjet to refer to a reclustered jet with
smaller radius than its initial clustering radius, and suggest to use the term “prong” (rather than “subjet”) to refer to a branch of
a clustering history used in groomed jet analyses.
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Measure subjets to probe jet quenching
Can probe higher  than hadron fragmentation 
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However, in central collisions, γ-tagged jets show an addi-
tional relative suppression at high z or pT and a counter-
balancing enhancement at low z or pT. In addition, the
minimum value of the Pbþ Pb-to-pp ratio for γ-tagged jets
is shifted to larger z or pT values.
To further explore the relative change in the FF between

Pbþ Pb event classes, the ratio between central and
peripheral collisions is shown in the right panels of
Fig. 2. For γ-tagged jets, the ratio is consistent with a
decreasing linear function of logðzÞ or logðpTÞ, crossing
unity at z ≈ 0.1 or pT ≈ 10 GeV. It is inconsistent with
the analogous ratio for inclusive jets, which is closer to
unity. Thus, the data indicate that, in central collisions, jets
in γ-tagged events are modified in a different way than
inclusively selected jets.
In Fig. 3, the data in central events are compared with the

results of theoretical calculations at particle level. In the left
panel, these include: (1) a perturbative calculation within
the framework of soft-collinear effective field theory with
Glauber gluons (SCETG) in the soft-gluon-emission
(energy-loss) limit, with jet-medium coupling g¼2.1%0.1
[55,56], (2) the hybrid strong and weak coupling model
[16], which combines initial production using PYTHIA

with a parametrization of energy loss derived from holo-
graphic methods, including back reaction effects, and
(3) the linearized Boltzmann transport (CoLBT-hydro)
model [57] of parton propagation through quark-gluon
plasma with jet-induced medium-excitation effects. The
SCETG calculation and the CoLBT-hydro model success-
fully capture the key features of the γ-tagged jet FF data in
the region z < 0.5. In the right panel, the inclusive and γ-
tagged FF ratios in data are compared with those in SCETG.
The γ-tagged FF ratio is larger than the inclusive-jet one in
the region z < 0.1 in both data and theory.
In summary, this Letter presents a measurement of the

charged-particle fragmentation functions for jets azimu-
thally balanced by a high-pTT prompt and isolated photon.

The measurement is performed using 25 pb−1 of pp and
0.49 nb−1 of Pbþ Pb collision data at 5.02 TeV, with the
ATLAS detector at the LHC. The kinematic selections
result in events with a single leading jet, a large fraction of
which are quark jets. In pp collisions, the γ-tagged jet
fragmentation functions are systematically harder than
those for inclusive jets at similar pjet

T , consistent with the
larger expected fraction of quark jets in γ-tagged events. In
30%–80% centrality Pbþ Pb events, γ-tagged jets are
observed to be modified through interaction with the
medium, with an overall pattern consistent with that for
inclusive jets. However, jets in γ-tagged events are modified
in 0%–30% Pbþ Pb events in a manner not observed for
inclusive jets. The SCETG calculation describes this key
feature of the data. However, interpreting this observed
difference is complicated by the different jet populations in
the two cases. In Pbþ Pb collisions, the inclusive jet
population at fixed pjet

T is biased towards jets which have
lost the least amount of energy. In a geometric picture, such
a survivor bias selects jets produced only near the surface of
the medium. This bias is largely avoided for γ-tagged jets,
which can be selected based on the photon kinematics.
Thus, they may include jets that are more quenched, on
average, than inclusively selected jets, including ones
which sample particularly large path lengths.
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1 Introduction1

In this analysis, we consider jet substructure measurements in which we first inclusively cluster jets with2

the anti-kT jet algorithm with jet radius R, and then recluster the jet constituents with the anti-kT jet3

algorithm with jet radius r < R. We consider both the inclusive subjet population as well as the leading4

subjet population – where in both cases the initial jet finding is done inclusively.1 Note that various5

subjet observables have been previously proposed as sensitive jet quenching observables [1].6

Here, we consider the fraction of transverse momentum carried by the subjet compared to the initial jet:7

zr =
pch subjet

T

pch jet
T

.

Note that for zr > 0.5, the leading and inclusive subjet distributions are identical.8

This observable provides two compelling ways to probe jet quenching:9

1. Test universality of jet fragmentation in the QGP. Measurements of zr are directly sensitive to the10

in-medium parton-to-subjet fragmentation function Jr,med(z), and can be used to extract Jr,med(z).11

The extracted Jr,med(z) can then be compared to the independently extracted in-medium parton-12

to-jet fragmentation function, Jmed(z) [2]. In vacuum, it is expected that Jr,med(z) = Jmed(z) up to13

power corrections. However, it is unknown whether such universality holds in the QGP, and is14

closely related to factorization breaking. Measurement of zr in heavy-ion collisions will directly15

test this universality.16

2. Directly measure jet energy loss. Traditionally, the fraction of “out-of-cone” energy transport has17

been inferred by comparing jet yields in pp and Pb–Pb collisions. Recently, a more direct and18

well-defined method of measuring energy loss was proposed [3]. This can be done by comparing19

moments of the leading and inclusive subjet zr distributions, i.e. computing the fraction of jet20

energy not carried by the leading subjet. This “energy loss” observable can then be computed in21

both pp and Pb–Pb collisions, and the difference is a well-defined direct measure of energy loss in22

heavy-ion collisions, without any need to use modeling assumptions to infer the energy loss from23

yields.24

We also choose to measure zr due to recent studies of mis-tagging of jet substructure objects due to25

the heavy-ion underlying event [4]. Reclustered subjets, as compared to groomed jets, may exhibit26

improved robustness to mis-tagging effects. In Pb–Pb collisions, we perform a philosophically similar27

measurements as in Ref. [5] in the sense that we tag a substructure object event-by-event, and measure28

only in an approximately background-free part of phase space, in this case restricting zr to be sufficiently29

large (and thereby preventing us from measuring the inclusive subjet distribution).30

In pp collisions, the inclusive subjet zr distribution has been calculated at NLO+LL [6], and the leading31

subjet zr distribution (and accordingly the “energy loss”) is in progress [3]. There has not yet been any32

measurement of zr. In pp collisions, measurements of zr will test the perturbative accuracy of these ob-33

servables, including investigating the relevance of threshold resummation at large-zr and small-zr, which34

has not yet been directly observed, and testing the nonlinear leading jet function evolution equation.35

The large-zr and small-zr regions may also be useful to constrain hadronization models. Furthermore,36

inclusive subjet measurements can be used to extract the LL splitting function, and compare to similar37

extractions from groomed jet measurements of zg.38

1Note that this procedure does not involve grooming in any way. We use the term subjet to refer to a reclustered jet with
smaller radius than its initial clustering radius, and suggest to use the term “prong” (rather than “subjet”) to refer to a branch of
a clustering history used in groomed jet analyses.
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3

picture this corresponds to keeping the shower between
the hard scale pT and the jet scale pTR to be the same
as that in the vacuum. Instead, only the physics at lower
scales is a↵ected by the QCD medium, which is cap-
tured e↵ectively by fitting Jmed

c to the data at the jet
scale µJ ⇠ pTR. This is consistent for example with
the PS developed in [51–55] where the shower is un-
modified relative to the vacuum case at su�ciently large
scales. In principle, it is possible to extend our calcula-
tion to include a medium modified evolution which can
be constrained from data and which we leave for future
work [56].

Our analysis here is similar to the global analyses of
nPDFs [57–59] and nuclear fragmentation functions in
cold nuclear matter [60]. Since the Jc are perturbatively
calculable, we choose an ansatz where the Jmed

c are writ-
ten in terms of the vacuum ones convolved with weight
functions Wc(z),

Jmed
c (z, pTR, µJ) = Wc(z) ⌦ Jc(z, pTR, µJ) . (6)

This approach e↵ectively assumes that the QGP intro-
duces a factorizable modification of the Jc, which recov-
ers the vacuum case, for example, for very peripheral
interactions, by having Wc(z) ! �(1 � z). We adopt the
following flexible parametrization,

Wc(z) = ✏c�(1 � z) + Nc z↵c(1 � z)�c , (7)

for the weight functions. As the dependence on the fac-
torization scale µ of the Jc is associated with the lead-
ing ln(R) contribution to the jet cross sections, one finds

µ d
dµ

R 1
0 dz z Jc(z, pTR, µ) /

P
d

R 1
0 dz z Pdc(z) = 0. That

is, the first moment of Jc is independent of the factoriza-
tion scale. Due to momentum conservation of the frag-
menting parton pcT , the Jc satisfy the sum rule

Z 1

0
dz z Jc(z, pcTR, µ) = 1 , (8)

which provides constraints for the evolution of the
jet functions both in the vacuum and the medium.
The convolution structures in Eqs. (2) and (6) can
be handled conveniently in Mellin moment space [61].
The parameters of the weight functions are deter-
mined by a MC sampling of the likelihood func-
tion ⇢(a|data) / L(a, data)⇡(a) with L(a, data) =
exp

⇥
�

1
2�2(a, data)

⇤
, where the data resampling method

(NNPDF [7], JAM [8]) is used in order to obtain the MC
ensemble for the parameters.

Phenomenological results. We consider inclusive jet
data in HIC from the LHC, with the nuclear modification
factor defined as

Rjet
AA =

d�PbPb!jet+X

hTAAi d�pp!jet+X
, (9)

where hTAAi is the average nuclear overlap function over
a given A + A centrality class [62]. The Jmed

c need to be
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FIG. 2. Ratio of the extracted Jmed
c and Jc at

p
sNN =

2.76 TeV (upper panels) and
p
sNN = 5.02 TeV (lower panels)

evaluated for R = 0.4 jets at µ = pT = 100 GeV for quarks
(left) and gluons (right).

extracted separately for di↵erent centrality classes and
center-of-mass (CM) energies. We include all available
data sets from the LHC and limit ourselves here to the
most central collisions (0-10%). At

p
sNN = 2.76 TeV

we include the data from ALICE [45], ATLAS [47] and
CMS [49] and at

p
sNN = 5.02 TeV we consider the AT-

LAS data of [48] and the preliminary ALICE data of [46].
For all data sets the anti-kT algorithm [63] was used with
jet radii in the range of R = 0.2-0.4. The data sets cover
di↵erent rapidity ranges which we take into account with-
out listing them here. We add correlated and uncorre-
lated uncertainties in quadrature. For all numerical re-
sults presented here we use the CT14 PDF set of [5],
and we work at next-to-leading order supplemented with
resummation at next-to-leading logarithmic accuracy. In
Fig. 1, we present a comparison of data from the LHC for
the Rjet

AA and our theoretical results using the fitted Jmed
c .

We show the results at
p

sNN = 2.76 TeV (upper pan-
els) and

p
sNN = 5.02 TeV (lower panels). For both CM

energies we find good agreement with a �2/d.o.f. of 1.1
(2.76 TeV) and 1.7 (5.02 TeV). At low jet pT there may
be an indication for a medium modified DGLAP evolu-
tion, while the precision of current data does not require
it yet. More insights could be obtained from analyzing
hadron and jet substructure observables.

In Fig. 2, we present the ratio of the extracted Jmed
c

and their vacuum analogues for
p

sNN = 2.76 TeV (upper
panels) and

p
sNN = 5.02 TeV (lower panels) separately

for quark (left) and gluon (right) jets with R = 0.4 at the
scale µ = pT = 100 GeV. We find that the uncertainty
at the higher CM energy is reduced significantly. This is
mainly due to the very precise data set from ATLAS at
5.02 TeV [48] which dominates the corresponding fit.

At large-z the suppression of the jet functions indi-
cates that it is less likely to form a jet carrying a large
momentum fraction of the fragmenting parton in HIC.
This is consistent with existing parton energy loss mod-
els [10, 12]. The suppression of Jmed

c at large-z leads to

Qiu, Ringer, Sato, Zurita PRL 122 (2019) 25
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functions in the Monte Carlo parton shower discussed above which allows us to calculate

both the inclusive and leading jet cross section at NLL0 accuracy. In Fig. 6, we show the

results for e+e� hemisphere jets for quarks and gluons separately.4 As an example, we

choose the jet radius of R = 0.5 and the hard scale Q =
p
s = 91.2 GeV. The inclusive

and leading jet spectra agree for z > 1/2. For e+e� hemisphere jets, a jet with momentum

fraction z > 1/2 is automatically the leading jet. Note that this does apply to event-wide

leading jets in e+e� collisions as discussed in section 7.1 below. We observe that both

spectra peak at large values of z which indicates that it is very likely to find a jet that

carries a large momentum fraction of the initial quark or gluon. See also Ref. [125]. The

peak is less pronounced for an initial gluon than for quarks which is expected due to the

di↵erent color factors. The peak structure at large values of z confirms that the identified

leading jet is a good proxy of the underlying parton level degrees of freedom. We note

that the peak arises due to the threshold resummation. At LO/LL accuracy the numerical

result diverges near the endpoint, see Fig. 3. Therefore, it is phenomenologically important

to include threshold resummation for leading jet measurements. Note that the suppression

of the cross section for z ! 1 is unusual since threshold resummation is typically associated

with an enhancement of the cross section [30, 31]. For z < 1/2 the inclusive and leading

jet spectrum di↵er due to the subleading jets which contribute only to the inclusive jet

spectrum. The leading jet cross section drops significantly below z = 1/2 indicating that

it is very unlikely to find a leading jet that carries only a small momentum fraction z.

Another intriguing feature of the results in Fig. 6 is the shape of the leading jet

4When showing our results, we vary a given scale µi ! ⇣iµi. The range in which we vary ⇣i is given

in each figure, where relevant. The scales varied are the observed jet, soft-collinear, and inclusive jet (Eq.

(4.6)), and also the Landau-pole regularization, and the non-perturbative model parameter, and we take

the envelope as a measure of uncertainty.
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functions in the Monte Carlo parton shower discussed above which allows us to calculate

both the inclusive and leading jet cross section at NLL0 accuracy. In Fig. 6, we show the

results for e+e� hemisphere jets for quarks and gluons separately.4 As an example, we

choose the jet radius of R = 0.5 and the hard scale Q =
p
s = 91.2 GeV. The inclusive

and leading jet spectra agree for z > 1/2. For e+e� hemisphere jets, a jet with momentum

fraction z > 1/2 is automatically the leading jet. Note that this does apply to event-wide

leading jets in e+e� collisions as discussed in section 7.1 below. We observe that both

spectra peak at large values of z which indicates that it is very likely to find a jet that

carries a large momentum fraction of the initial quark or gluon. See also Ref. [125]. The

peak is less pronounced for an initial gluon than for quarks which is expected due to the

di↵erent color factors. The peak structure at large values of z confirms that the identified

leading jet is a good proxy of the underlying parton level degrees of freedom. We note

that the peak arises due to the threshold resummation. At LO/LL accuracy the numerical

result diverges near the endpoint, see Fig. 3. Therefore, it is phenomenologically important

to include threshold resummation for leading jet measurements. Note that the suppression

of the cross section for z ! 1 is unusual since threshold resummation is typically associated

with an enhancement of the cross section [30, 31]. For z < 1/2 the inclusive and leading

jet spectrum di↵er due to the subleading jets which contribute only to the inclusive jet

spectrum. The leading jet cross section drops significantly below z = 1/2 indicating that

it is very unlikely to find a leading jet that carries only a small momentum fraction z.

Another intriguing feature of the results in Fig. 6 is the shape of the leading jet

4When showing our results, we vary a given scale µi ! ⇣iµi. The range in which we vary ⇣i is given

in each figure, where relevant. The scales varied are the observed jet, soft-collinear, and inclusive jet (Eq.

(4.6)), and also the Landau-pole regularization, and the non-perturbative model parameter, and we take

the envelope as a measure of uncertainty.
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Summary

New ALICE measurements of jet substructure in heavy-ion collisions — emphasis 
on observables that can be directly compared to theoretical calculations

Unfolded for background and detector effects
Analytically calculable in proton-proton collisions

Hard splitting not strongly modified — , 

Collimation/filtering of wide jets — 

Medium-induced soft splitting can be exposed in region dominated by quark jets — 

zg τN

θg

zr

Emerging picture of jet quenching phenomenology
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