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Figure 2: (a) The average primary Lund plane density, ⇢, for jets clustered with the C/A

algorithm and R = 1 having pt > 2 TeV and |y| < 2.5, in a simulated QCD dijet sample.

(b) Schematic representation of the di↵erent regions of the Lund plane.

factor in ⇢ is equal to 2 and so the density of primary Lund emissions is just proportional

to the strong coupling,

⇢ '
2↵s(kt)CF

⇡
, (� ⌧ 1, z̄ ⌧ 1) , (2.6)

The upper diagonal edge in the figure is a consequence of the kinematic limit, kt <
1

2
pt,jet�.

At low scales ↵s(kt) gets large, which accounts for the bright red band around kt = 1 GeV.

In this region the Lund plane density is not amenable to perturbative calculation. Equiv-

alently Eq. (2.5) receives large corrections from non-perturbative terms proportional to

powers of kt/⇤QCD. At values of � ⇠ 1, initial state radiation (ISR) and multi-parton

interactions (MPI/UE) contribute to increasing the density, which is reflected in the con-

tours of constant colour bending upwards to the left. The di↵erent regions are outlined

schematically in Fig. 2b.

Beyond leading perturbative order, several further physical e↵ects contribute to the

structure of the Lund plane. The upper boundary gets smeared out because of degradation

of the leading subjet energy as one declusters the jet.3 The leading subjet can also change

3This smearing does not occur if one examines ⇢̄(�,), from Eq. (2.4), since  is defined in terms of

the local z fraction of the emission, which does not depend on earlier splittings at larger angles (while kt
does). However, instead the non-perturbative boundary gets smeared, as does the relation between a given

location on the plane and the invariant mass of the pair being declustered.
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Figure 7: Lund-plane emission density, ⇢S(�, kt), for hadronically decaying boosted W

bosons, in WW events, using the same jet-clustering and selection as in Fig. 2.

3 Application to boosted-W tagging

We now turn to the potential of the Lund plane for identifying hadronically decaying

boosted electroweak bosons, concentrating specifically on the example of W identification.

Fig. 7 shows the averaged (primary) Lund plane for hadronic W decays (pt > 2 TeV), to

be compared to Fig. 2 for dijets. Two main di↵erences are clearly visible to the human eye.

One is the diagonally oriented patch in theW case, around ln 1/� = 2.5 and ln kt/GeV = 4,

which is connected with the fixed-mass two-pronged structure of the W : lines of constant

mass in the Lund plane are up-right going diagonals. The other important feature in the

W case is the considerable depletion of emissions in the upper-left region and below the

W -mass structure. The depletion is principally a consequence of the colour-singlet nature

of the W . It extends also into the non-perturbative region (but not substantially a↵ecting

structures of the Lund plane associated with the underlying event).

We investigate two broad approaches to making use of the information in the Lund

plane. One is a log-likelihood type approach, while the other will be to use machine

learning.

3.1 Log-likelihood use of Lund Plane

The log-likelihood approach uses two main inputs: the first requires the identification of the

“leading” emission, (`), which in the W case is likely to be associated with the two-prong

decay. We take this leading emission to be the first emission in the Lund declustering

sequence that satisfies z > zcut with zcut = 0.025, which corresponds to the emission that
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Figure 2: (a) The average primary Lund plane density, ⇢, for jets clustered with the C/A

algorithm and R = 1 having pt > 2 TeV and |y| < 2.5, in a simulated QCD dijet sample.

(b) Schematic representation of the di↵erent regions of the Lund plane.
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We now turn to the potential of the Lund plane for identifying hadronically decaying
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be compared to Fig. 2 for dijets. Two main di↵erences are clearly visible to the human eye.
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We investigate two broad approaches to making use of the information in the Lund

plane. One is a log-likelihood type approach, while the other will be to use machine
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3.1 Log-likelihood use of Lund Plane
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Jet substructure in proton-proton collisions
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Jet substructure observables are 
sensitive to specific regions of 
QCD radiation phase space

Each observable has:

Fixed-order regime — 
Resummation regime — large 
logarithms to all orders in 
Nonperturbative regime

𝒪 (αn
s )
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Figure 1: A typical jet substructure calculation, emphasizing the regions where di↵erent
contributions dominate the physical description of the observable. Here, �f.o. is the fixed-
order prediction for the cross section, �res includes resummation of large logarithms and � is
the complete theory prediction including non-perturbative e↵ects through a shape function
Fnp.

to go to zero as ⌧ ! 0, as shown in the blue curve. Finally, the inclusion

of non-perturbative contributions shifts the distribution at small values of ⌧ ,

where the observable is sensitive to fluctuations at the scale ⇤QCD. This can

be implemented in a calculation with a non-perturbative shape function, Fnp.

Shaded bands are representative of theoretical uncertainties. We have used a

general observable ⌧ to emphasize that while we will focus on mJ as a concrete

example in this section, the behavior of Fig. 1 is generic for a wide range of

observables.

2.1.1. Resummation

We begin with a discussion of the perturbative aspects of a calculation.

Since we have restricted our focus to IRC safe observables, a perturbative ex-

pansion in the strong coupling constant, ↵s, gives finite results order-by-order

9

Larkoski, Moult, Nachman JPR (2020)

ΔRi,jet
R
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Jet angularities — pp

6

Class of IRC-safe observables:

λβ ≡ ∑
i∈jet

ziθ
β
i

ΔRi,jetR

Continuous parameter  systematically 
varies weight of collinear radiation

β > 0

zi ≡
pT,i

pT,jet

θi ≡
ΔRi,jet

R
, ΔRi,jet = Δy2 + Δφ2

Almeida, Lee, Perez, Sterman, Sung, Virzi PRD 79 (2009)
Larkoski, Thaler, Waalewijn JHEP 129 (2014)
…
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Class of IRC-safe observables:

Larger : Good agreement 
with pQCD calculations

λβ

Small : Nonperturbativeλβ

Kang, Lee, Ringer JHEP 04 (2018)

λβ ≡ ∑
i∈jet

ziθ
β
i

ΔRi,jetR

Continuous parameter  systematically 
varies weight of collinear radiation

β > 0

zi ≡
pT,i

pT,jet

θi ≡
ΔRi,jet

R
, ΔRi,jet = Δy2 + Δφ2

Almeida, Lee, Perez, Sterman, Sung, Virzi PRD 79 (2009)
Larkoski, Thaler, Waalewijn JHEP 129 (2014)
…

Jet angularities — pp
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Class of IRC-safe observables:

Larger : Good agreement 
with pQCD calculations

λβ

Small : Nonperturbativeλβ

Most of the distribution 
can be nonperturbative, 
which spoils agreement in 
perturbative region due to 
self-normalization!

Kang, Lee, Ringer JHEP 04 (2018)

λβ ≡ ∑
i∈jet

ziθ
β
i

ΔRi,jetR

Continuous parameter  systematically 
varies weight of collinear radiation

β > 0

zi ≡
pT,i

pT,jet

θi ≡
ΔRi,jet

R
, ΔRi,jet = Δy2 + Δφ2

Almeida, Lee, Perez, Sterman, Sung, Virzi PRD 79 (2009)
Larkoski, Thaler, Waalewijn JHEP 129 (2014)
…

Jet angularities — pp
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Recluster and groom jet to expose 
hard splitting

K. Tywoniuk (UiB)

SOFT DROP

!14

❌

!log 1/θ

! lo
gz

θ

z =
zcut θ β

veto

Re-cluster jet with C/A until finding first 
branch that satisfies: 

z > zcutθβ

- removes soft & large-angle radiation

Recursive SD: continues to identify all branches that 
satisfy this condition (pruning)

Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Larkoski, Marzani, Thaler 1502.01719

Dreyer, Necib, Soyez, Thaler 1804.03657
Frye, Larkoski, Thaler, Zhou 1704.06266

Soft Drop: z < zcutθβ

See also: Alba Soto-Ontoso, Thursday 08:00

Groomed jet substructure — pp

zg ≡
pT,sublead

pT,lead + pT,sublead
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DIFFERENT OPTIONS

!8

!ln 1/ΔR

!lnk
t/G

eV

!ln 1/ΔR

! lnk
t/G

eV

!ln 1/ΔR

! lnk
t/G

eV

β > 0 β = 0 β < 0

Sudakov safe IRC safe

For groomed observables, these cuts generally lead to:

IR/Sudakov safe

Increasing  grooms away collinear radiation 
less and less 

β

K. Tywoniuk, EMMI RRTF

zg ≡
pT,sublead

pT,lead + pT,sublead

Groomed jet substructure — pp
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Groomed jet substructure — pp
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Figure 10: Comparison of the unfolded rg distribution with the theory predictions. For the NLL predictions, the
open marker style indicates that nonperturbative e�ects on the calculation are expected to be large. The experimental
uncertainty bands include all sources: data and MC statistical uncertainties, nonclosure, modeling, and cluster or
tracking uncertainties where relevant. The theory error bands include perturbative scale variations.
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Figure 10: Comparison of the unfolded rg distribution with the theory predictions. For the NLL predictions, the
open marker style indicates that nonperturbative e�ects on the calculation are expected to be large. The experimental
uncertainty bands include all sources: data and MC statistical uncertainties, nonclosure, modeling, and cluster or
tracking uncertainties where relevant. The theory error bands include perturbative scale variations.
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β = 0 β = 2

Calculations describe data best with more grooming

Groomed jet radius: rg = Δy2 + Δφ2

ATLAS PRD 101 (2020)

DIFFERENT OPTIONS
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Jet substructure in heavy-ion collisions
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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

JetTools 2019!37

L
<latexit sha1_base64="mkjukmTjgHvXGRL3b6Rk4y0dQXI="></latexit><latexit sha1_base64="mkjukmTjgHvXGRL3b6Rk4y0dQXI="></latexit><latexit sha1_base64="mkjukmTjgHvXGRL3b6Rk4y0dQXI="></latexit><latexit sha1_base64="mkjukmTjgHvXGRL3b6Rk4y0dQXI="></latexit>

(2) Resolved vacuum splitting 
inside the medium
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formation time:
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energy independently 

Back to the Lund plane  
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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 (2020)
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Experimental challenge: Background

13

Ensemble observables Object tagging

For observables that involve event-by-event 
tagging, the background can induce mis-tagging
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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.

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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For observables that don’t involve event-by-event 
tagging of objects, use 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

10
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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. Related phenomena were first observed at the Relativistic
Heavy Ion Collider where the measurements were made with hadrons rather than reconstructed jets [10–
12]. 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 [13] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [14–16]. In Ref. [16],
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

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. Related phenomena were first observed at the Relativistic
Heavy Ion Collider where the measurements were made with hadrons rather than reconstructed jets [10–
12]. 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 [13] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [14–16]. In Ref. [16],
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

Longitudinal momentum fraction of hadrons in jets

jet

background

medium 
response

η, φ

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.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWFW and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and
FAPESP, Brazil; NSERC, NRC, and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST, and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR, and
VSC CR, Czech Republic; DNRF and DNSRC, Denmark;
IN2P3-CNRS, CEA-DRF/IRFU, France; SRNSFG,
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FIG. 3. Comparison of the ratio of γ-tagged fragmentation function DðzÞ in central Pbþ Pb events to pp events with theoretical
calculations (left). The mutual comparison between γ-tagged and inclusive jetDðzÞ ratios in data to each of these in the SCETG model is
shown in the right panel. Shaded rectangles and vertical bars show the total systematic and statistical uncertainties, respectively, in the
data.
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ALICE PLB 776 (2018)

Poor description 
by models

Jet mass

path in the medium. Observables like the jet mass that are more sensitive to968

the soft physics add an additional complication by demonstrating that the e↵ect969

of the medium response adding soft particles back inside the jet at wider angles970

plays a significant role.971

This prompts the development of global fits to constrain modeling aspects972

of theoretical predictions, such as medium response. Global fits can also be973

used to test consistency of analytical approaches to perturbative observables974

(strong vs. weak coupling, BDMPS vs. GLV, coherent vs. incoherent energy975

loss) and eventually to constrain medium properties (color coherence scale).976

Further development of background subtraction and grooming techniques will977

also enable more di↵erential measurements in new regions of phase space like978

larger jet radii, lower jet momentum, and less symmetric splittings.979

ALI-PUB-326395

Figure 8: Jet angularity [118] (left) for R = 0.2 charged-particle jets in 0–10%
centrality compared to PYTHIA. Jet mass [102] (right) for R = 04 charged-
particle jets in 0–10% centrality compared to PYTHIA and various jet quenching
models. Awaiting further comparisons to models (Jetscape and hybrid model).

3.3 Jet in-medium scattering and deflection980

3.3.1 Azimuthal decorrelation of jets981

The combined analysis of jet energy loss and momentum broadening can con-982

strain the underlying mechanism of energy loss. In the perturbative BDMPS983

[48] formalism for instance, energy loss and momentum broadening are linearly984

coupled by a single parameter, the transport coe�cient q̂. On the contrary,985

in the limit of strong coupling[], energy loss and broadening are uncorrelated.986

The expected di↵erence in the parametric dependence of jet energy loss and987

28

ond radial moment [112], captures the virtuality of the original parton that884

produced the jet and increases with increasing large-angle soft particles [113].885

This is complementary to measurements of the jet fragmentation using the lon-886

gitudinal momentum fraction of the jet by ATLAS [114] and CMS [115] that887

suggest that the energy in HI collisions is transferred to soft particles and wider888

angles inside the jet. ATLAS also investigated the radial dependence of charged889

particles within a jet and demonstrated an enhanced yield of higher pT charged890

particles at the jet core with a corresponding enhancement of softer particles at891

larger angles [116]. This enhancement of soft particles at large angles was also892

demonstrated by a CMS measurement of the jet transverse profile [117].893

ALICE measured the jet angularity for charged particle R = 0.2 jets in894

central Pb–Pb collisions at
p
sNN = 2.76 TeV [118]. The angularity is defined895

as896

g =
X

i2jet

pT,i

pT,jet
�Rjet,i (7)

where pT,i is the transverse momentum of the i-th constituent and �Rjet,i897

is the distance in (⌘, ') space between the i-th constituent and the jet axis.898

Smaller values of g correspond to jets with more collinear fragmentation. The899

jet angularity in central Pb–Pb collisions compared to PYTHIA is shown in the900

left-hand panel of Figure 8, with the ratio of the data to the MC in the bottom901

panel. The width is shown to be reduced in Pb–Pb collisions compared to pp902

collisions from PYTHIA which is consistent with the jets in HI collisions being903

narrower and/or having harder fragments, which can arise for example through904

an enhanced suppression of gluon jets relative to quark jets. This is qualitatively905

consistent with the observations in Fig. 9 (right) showing an overall narrowing906

of the groomed core of jets. Insert discussion of comparisons to Jetscape, hybrid907

model, and JEWEL once calculations are received.908

ALICE measured the jet mass for charged-particle R = 0.4 jets central Pb–909

Pb collisions at
p
sNN = 2.76 TeV [102]. The jet mass is defined as910

M =
q
E2 � p2T � p2z (8)

where E is the energy of the jet, pT is the transverse and pz is the longitu-911

dinal momentum of the jet. The jet mass in central Pb–Pb collisions is shown912

in the right-hand panel of Figure 8 compared to models. The models include913

PYTHIA [119] which represents pp collisions or no quenching and two models914

with medium-induced jet energy loss, Q-PYTHIA [120] and JEWEL [121, 122].915

The JEWEL model includes results with both the medium recoil turned o↵ and916

the medium recoil turn on. The jet mass is shown to be larger with recoils917

turned on which is consistent with the picture that the recoils add soft parti-918

cles back inside the jet, leading to a larger jet mass. The jet mass is shown to919

be overestimated by both Q-PYTHIA and JEWEL with recoils and underesti-920

mated by JEWEL without recoils. Instead, it is consistent within systematic921

uncertainties with the PYTHIA simulation, indicating no significant modifica-922

tion the jet mass in HI collisions. Alternatively, this could be due to a partial923
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background

medium 
response

η, φ



James Mulligan, LBNL 9th Workshop of the APS Topical Group on Hadronic Physics April 15, 2021

Outlook — jet substructure in heavy-ion collisions
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Hard substructure: collimation/filtering of wide jets — splitting not strongly modified

Soft substructure: excess of soft particles, but mechanism unclear — difficult to model
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Outlook — jet substructure in heavy-ion collisions

21

Theory guidance — not just “model A vs. model B” — but controlled comparisons 
of specific aspects within model (quark vs. gluon suppression, color coherence, 
medium response, …)

Continue to develop new experimental techniques for background — we can do 
better — which will open up new, differential observables

Global analysis is key to connect observables to QGP properties — now is the time

Hard substructure: collimation/filtering of wide jets — splitting not strongly modified

Soft substructure: excess of soft particles, but mechanism unclear — difficult to model

Where do we go from here?

JETSCAPE 1903.07706
Casalderrey-Solana, Milhano, Pablo, Rajogopal JHEP 01 (2020)
…

JETSCAPE 2102.11337
…
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Summary

22

Jet substructure in proton-proton collisions is providing new tests of our 
first-principles understanding of QCD

Higher-order terms in perturbative calculations
Explore the transition from the perturbative to nonperturbative regimes

Provides crucial insight for reference to heavy-ion collisions

Groomed observables test well-controlled perturbative aspects
Ungroomed observables constrain nonperturbative / medium response phenomenology
Will play an essential role in global fits

Jet substructure in heavy-ion collisions is providing flexibility to probe the 
quark-gluon plasma over a range of scales

JETSCAPE 2102.11337
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Recluster and groom jet to expose 
hard splitting

K. Tywoniuk (UiB)

SOFT DROP

!14

❌

!log 1/θ

! lo
gz

θ

z =
zcut θ β

veto

Re-cluster jet with C/A until finding first 
branch that satisfies: 

z > zcutθβ

- removes soft & large-angle radiation

Recursive SD: continues to identify all branches that 
satisfy this condition (pruning)

Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Larkoski, Marzani, Thaler 1502.01719

Dreyer, Necib, Soyez, Thaler 1804.03657
Frye, Larkoski, Thaler, Zhou 1704.06266

Soft Drop: z < zcutθβ

See also: Alba Soto-Ontoso, Thursday 08:00

Calorimeter-based Track-based

Track-based substructure observables can be 
measured with greater precision
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Figure 8: Comparison of the unfolded rg distribution with MC predictions. The uncertainty bands include all sources:
data and MC statistical uncertainties, nonclosure, modeling, and cluster or tracking uncertainties where relevant.
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Figure 8: Comparison of the unfolded rg distribution with MC predictions. The uncertainty bands include all sources:
data and MC statistical uncertainties, nonclosure, modeling, and cluster or tracking uncertainties where relevant.
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Groomed jet radius: rg = Δy2 + Δφ2

rg = Δy2 + Δφ2

R

Groomed jet substructure — pp ATLAS PRD 101 (2020)

Chang, Procura, Thaler, Waalewijn PRL 111 (2013)
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Ungroomed jet substructure
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How is the soft jet 
substructure modified 
in heavy-ion collisions?

CMS JHEP 07 (2020)

No strong modification of “gluon-like” jets

Jet charge

4

in this measurement are required to have a relative pT uncertainty of less than 10% (30%) in
PbPb (pp) collisions and also satisfy the standard track quality requirements [38]. For both col-
lision systems, it is required that the significance of the distance of closest approach to at least
one primary vertex in the event be less than 3 standard deviations, in order to decrease the
likelihood of counting nonprimary charged particles originating from secondary decay prod-
ucts. Tracks with pT > 20 GeV are required to have an associated energy deposit [47] of at least
half their momentum in the calorimeters to reduce the contribution of misreconstructed tracks
with very high pT. In PbPb collisions, tracks must additionally be associated with at least 11
hits and satisfy a fit quality requirement that the c2, divided by both the number of degrees of
freedom and the number of tracker layers hit, be less than 0.15 [38]. The tracking efficiency in
pp collisions is approximately 90% for pT > 1 GeV. Track reconstruction is more difficult in the
heavy ion environment because of the large track multiplicity, and so the tracking efficiency
ranges from approximately 60% at pT = 1 GeV to about 70% at pT = 10 GeV [38].

5 Jet charge measurement
The jet charge is defined as:

Qk =
1

(pjet
T )k

Â
i2jet

qi pT,i
k. (1)

The variable pjet
T is the transverse momentum of the calorimeter jet. The qi and pT,i symbols

refer to the electric charge (in terms of the proton charge e) and transverse momentum of the i-
th particle in the jet cone, respectively. The k parameter controls the weighting of the jet charge
variable to low- and high-pT particles in the jet cone. Low values of k enhance the contribution
from low-pT particles to the jet charge, and vice versa.

Tracks with pT > 1 GeV that are located within the jet cone (Dr < 0.4) are used in the jet charge
measurement. The track pT threshold of 1 GeV ensures that the MC templates for different
flavors used in the fitting procedure are well resolved and also reduces the contributions of
uncorrelated and long-range correlated background to the jet charge. Theoretical predictions
suggest that a parameter value pT-weighting factor k ⇡ 0.5 is the most sensitive to the electric
charge of the parton initiating the jet in vacuum [26]. In this analysis, measurements are shown
for k values of 0.3, 0.5, and 0.7, and with different selections on the minimum track pT of 1, 2,
4, and 5 GeV to retain a broad sensitivity to both hard and soft radiation inside jets.

6 Corrections for background and detector effects
To allow for a comparison with future measurements from other experiments or theoretical
predictions, the jet charge distributions are unfolded from the detector to the final-state hadron
particle level. The jet charge measurements at the detector level are broadened by track recon-
struction inefficiencies, and this effect increases with decreasing k values. In PbPb collisions,
there is additional smearing that is caused by the background from the underlying event and
long-range correlations [30]. The unfolding is performed to account for these effects using
the D’Agostini iterative method [48–50], as implemented in the ROOUNFOLD software pack-
age [51]. Response matrices are derived from PYTHIA6 and PYTHIA6+HYDJET simulation sam-
ples for pp and PbPb collisions, respectively.

Response matrices in the unfolding procedure are constructed using jet charge distributions
measured with reconstructed tracks, and that measured with generator-level particles origi-
nating from the hard scattering. To account for the background effects in PbPb collisions, the
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Figure 3: Fitting results for the extraction of gluon-like jet fractions in pp and PbPb data shown
for different track pT threshold values and event centrality bins in PbPb collisions. The sys-
tematic and statistical uncertainties are represented by the shaded regions and vertical bars,
respectively. The predictions for the gluon jet fractions from PYTHIA6 are shown in dashed red
lines.
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Figure 4: Fitting results for the extraction of gluon-like jet fractions in pp and PbPb data shown
for pT-weighting factor k values of 0.3, 0.5, and 0.7 in different event centrality bins in PbPb.
The markers for track pT > 1 and >2 GeV have been separated horizontally for clarity. The
systematic and statistical uncertainties are represented by the shaded regions and vertical bars,
respectively. The predictions for the gluon jet fractions from PYTHIA6 are shown in dashed red
lines.

10 Summary
Jet charge, defined as the momentum-weighted sum of the electric charges of particles inside a
jet, is measured for the first time in heavy ion collisions and is presented along with pp results
at the same energy. The analysis uses lead-lead (PbPb) and proton-proton (pp) collision data
collected with the CMS detector at a nucleon-nucleon center-of-mass energy of 5.02 TeV. The
unfolded jet charge distributions, measured using the jet constituents with transverse momen-
tum pT > 1 GeV for jets having pT > 120 GeV and pseudorapidity |h| < 1.5, are presented. The
widths of the jet charge distributions for pp collisions are in good agreement with predictions
from the event generator PYTHIA6 and are shown to be independent of PbPb collision central-
ity. The jet charge distributions for quark- and gluon-initiated jets from PYTHIA6 events are
used as fitting templates to estimate the respective contributions in the measured jet samples.
The gluon-like jet fractions extracted from these template fits are found to be similar between
pp data and all studied PbPb centrality ranges. These are the first measurements in heavy
ion collisions which exploit the electric charge of the initiating parton to discriminate between
quark and gluon jets. No evidence is seen for a significant decrease (increase) in gluon-like
(quark-like) prevalence in a sample of jets with pT > 120 GeV in PbPb collisions. These ob-
servations do not support recent interpretations of other heavy ion results [11, 12], which are
based on a decreased (increased) gluon (quark) fraction caused by color-charge dependent jet
quenching.
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Figure 3: Fitting results for the extraction of gluon-like jet fractions in pp and PbPb data shown
for different track pT threshold values and event centrality bins in PbPb collisions. The sys-
tematic and statistical uncertainties are represented by the shaded regions and vertical bars,
respectively. The predictions for the gluon jet fractions from PYTHIA6 are shown in dashed red
lines.
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Figure 4: Fitting results for the extraction of gluon-like jet fractions in pp and PbPb data shown
for pT-weighting factor k values of 0.3, 0.5, and 0.7 in different event centrality bins in PbPb.
The markers for track pT > 1 and >2 GeV have been separated horizontally for clarity. The
systematic and statistical uncertainties are represented by the shaded regions and vertical bars,
respectively. The predictions for the gluon jet fractions from PYTHIA6 are shown in dashed red
lines.

10 Summary
Jet charge, defined as the momentum-weighted sum of the electric charges of particles inside a
jet, is measured for the first time in heavy ion collisions and is presented along with pp results
at the same energy. The analysis uses lead-lead (PbPb) and proton-proton (pp) collision data
collected with the CMS detector at a nucleon-nucleon center-of-mass energy of 5.02 TeV. The
unfolded jet charge distributions, measured using the jet constituents with transverse momen-
tum pT > 1 GeV for jets having pT > 120 GeV and pseudorapidity |h| < 1.5, are presented. The
widths of the jet charge distributions for pp collisions are in good agreement with predictions
from the event generator PYTHIA6 and are shown to be independent of PbPb collision central-
ity. The jet charge distributions for quark- and gluon-initiated jets from PYTHIA6 events are
used as fitting templates to estimate the respective contributions in the measured jet samples.
The gluon-like jet fractions extracted from these template fits are found to be similar between
pp data and all studied PbPb centrality ranges. These are the first measurements in heavy
ion collisions which exploit the electric charge of the initiating parton to discriminate between
quark and gluon jets. No evidence is seen for a significant decrease (increase) in gluon-like
(quark-like) prevalence in a sample of jets with pT > 120 GeV in PbPb collisions. These ob-
servations do not support recent interpretations of other heavy ion results [11, 12], which are
based on a decreased (increased) gluon (quark) fraction caused by color-charge dependent jet
quenching.
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Figure 3: Fitting results for the extraction of gluon-like jet fractions in pp and PbPb data shown
for different track pT threshold values and event centrality bins in PbPb collisions. The sys-
tematic and statistical uncertainties are represented by the shaded regions and vertical bars,
respectively. The predictions for the gluon jet fractions from PYTHIA6 are shown in dashed red
lines.
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Figure 4: Fitting results for the extraction of gluon-like jet fractions in pp and PbPb data shown
for pT-weighting factor k values of 0.3, 0.5, and 0.7 in different event centrality bins in PbPb.
The markers for track pT > 1 and >2 GeV have been separated horizontally for clarity. The
systematic and statistical uncertainties are represented by the shaded regions and vertical bars,
respectively. The predictions for the gluon jet fractions from PYTHIA6 are shown in dashed red
lines.

10 Summary
Jet charge, defined as the momentum-weighted sum of the electric charges of particles inside a
jet, is measured for the first time in heavy ion collisions and is presented along with pp results
at the same energy. The analysis uses lead-lead (PbPb) and proton-proton (pp) collision data
collected with the CMS detector at a nucleon-nucleon center-of-mass energy of 5.02 TeV. The
unfolded jet charge distributions, measured using the jet constituents with transverse momen-
tum pT > 1 GeV for jets having pT > 120 GeV and pseudorapidity |h| < 1.5, are presented. The
widths of the jet charge distributions for pp collisions are in good agreement with predictions
from the event generator PYTHIA6 and are shown to be independent of PbPb collision central-
ity. The jet charge distributions for quark- and gluon-initiated jets from PYTHIA6 events are
used as fitting templates to estimate the respective contributions in the measured jet samples.
The gluon-like jet fractions extracted from these template fits are found to be similar between
pp data and all studied PbPb centrality ranges. These are the first measurements in heavy
ion collisions which exploit the electric charge of the initiating parton to discriminate between
quark and gluon jets. No evidence is seen for a significant decrease (increase) in gluon-like
(quark-like) prevalence in a sample of jets with pT > 120 GeV in PbPb collisions. These ob-
servations do not support recent interpretations of other heavy ion results [11, 12], which are
based on a decreased (increased) gluon (quark) fraction caused by color-charge dependent jet
quenching.

Interpretation unclear — quenching, medium response


