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Probes of quark-gluon plasma
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Resolved subjects lose 
energy independently 

Back to the Lund plane  
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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
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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)

Understanding validity of perturbative 
vs. nonperturbative physics

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

π0, γ
Ideal for jet substructure measurements

pT,jet ≈ 20 − 200 GeV/c
|η | < 0.9
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Jet angularities — pp
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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 : Non-perturbativeλβ

Kang, Lee, Ringer JHEP 04 (2018)
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Class of IRC-safe observables:

Larger : Good agreement 
with pQCD calculations

λβ

Small : Non-perturbativeλβ

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

Kang, Lee, Ringer JHEP 04 (2018)
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Figure 1. The various jet axes: the standard jet axis (black) is along the total momentum of the
collinear (blue) and soft (orange) radiation. For the groomed jet axis (green) groomed away soft
radiation (gray) is not included. The winner-take-all axis (blue) is insensitive to soft radiation.

In this paper we study three different jet axes, with varying degrees of sensitivity to soft

radiation, which we now introduce: we start from an inclusive sample of jets, obtained by

using the anti-kT algorithm [3] with jet radius parameter R = 0.8, and refer to the resulting

jet axis as the standard (ST) jet axis. Only jets with rapidity |η| < 2 are considered, and

results for several bins in the jet transverse momentum pT will be reported. Applying soft

drop [4] with zcut = 0.1 and several values for β to remove soft radiation, the axis of the

resulting groomed jet will be called the groomed (GR) jet axis. Finally, we recluster the

original jet using the winner-take-all (WTA) recombination scheme [5, 6], for which the

effect of soft radiation is power suppressed, yielding the WTA axis. To ensure that all

radiation is inside the jet (i.e. that the jet algorithm returns a single jet) the jet radius is

increased. These various axes are pictured in figure 1, where the offset between the ST

(black) and GR (green) axis is due to groomed away radiation (gray). The WTA axis

(blue) clearly tracks the energetic collinear (blue) radiation.

We will consider the distance θ =
√
∆η2 +∆φ2 in pseudorapidity η and azimuthal

angle φ between these axes, denoted with θST,GR, θST,WTA and θGR,WTA, respectively.

This distance is boost invariant and for a jet at zero rapidity, i.e. perpendicular to the

beam axis, θ is equal to the angle between these axes (in the small angle limit, which we

focus on). We therefore refer to this as an angle. These angles characterize the different

sensitivity to soft radiation of these axes. In our calculations it will be convenient to express

θ as a vector %k⊥ transverse to the jet axis, with θ = |%k⊥|/pT , since vectors can easily be

added. To simplify the notation, we will omit the vector symbol when referring to the

norm of a vector, i.e. k⊥ ≡ |%k⊥|.
Given this identification between angles and transverse momenta, it should come as

no surprise that all three angles between the jet axes considered here involve some form

of transverse momentum resummation [7–12]. As such, it provides another window into

the physics of transverse momentum dependent fragmentation functions and parton dis-

tribution functions, focusing on the bulk distribution of transverse momentum within jets

– 2 –

Jet axis differences — pp

7

Measure angular difference between different jet axes:

Standard axis: -scheme recombination
Soft Drop axis: Standard axis of groomed jet
Winner-Take-All axis: WTA recombination scheme

E

ΔRaxis = Δy2 + Δφ2

Cal, Neill, Ringer, Waalewijn
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Figure 1. The various jet axes: the standard jet axis (black) is along the total momentum of the
collinear (blue) and soft (orange) radiation. For the groomed jet axis (green) groomed away soft
radiation (gray) is not included. The winner-take-all axis (blue) is insensitive to soft radiation.

In this paper we study three different jet axes, with varying degrees of sensitivity to soft

radiation, which we now introduce: we start from an inclusive sample of jets, obtained by

using the anti-kT algorithm [3] with jet radius parameter R = 0.8, and refer to the resulting

jet axis as the standard (ST) jet axis. Only jets with rapidity |η| < 2 are considered, and

results for several bins in the jet transverse momentum pT will be reported. Applying soft

drop [4] with zcut = 0.1 and several values for β to remove soft radiation, the axis of the

resulting groomed jet will be called the groomed (GR) jet axis. Finally, we recluster the

original jet using the winner-take-all (WTA) recombination scheme [5, 6], for which the

effect of soft radiation is power suppressed, yielding the WTA axis. To ensure that all

radiation is inside the jet (i.e. that the jet algorithm returns a single jet) the jet radius is

increased. These various axes are pictured in figure 1, where the offset between the ST

(black) and GR (green) axis is due to groomed away radiation (gray). The WTA axis

(blue) clearly tracks the energetic collinear (blue) radiation.

We will consider the distance θ =
√
∆η2 +∆φ2 in pseudorapidity η and azimuthal

angle φ between these axes, denoted with θST,GR, θST,WTA and θGR,WTA, respectively.

This distance is boost invariant and for a jet at zero rapidity, i.e. perpendicular to the

beam axis, θ is equal to the angle between these axes (in the small angle limit, which we

focus on). We therefore refer to this as an angle. These angles characterize the different

sensitivity to soft radiation of these axes. In our calculations it will be convenient to express

θ as a vector %k⊥ transverse to the jet axis, with θ = |%k⊥|/pT , since vectors can easily be

added. To simplify the notation, we will omit the vector symbol when referring to the

norm of a vector, i.e. k⊥ ≡ |%k⊥|.
Given this identification between angles and transverse momenta, it should come as

no surprise that all three angles between the jet axes considered here involve some form

of transverse momentum resummation [7–12]. As such, it provides another window into

the physics of transverse momentum dependent fragmentation functions and parton dis-

tribution functions, focusing on the bulk distribution of transverse momentum within jets

– 2 –

8

Measure angular difference between different jet axes:
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Figure 1. The various jet axes: the standard jet axis (black) is along the total momentum of the
collinear (blue) and soft (orange) radiation. For the groomed jet axis (green) groomed away soft
radiation (gray) is not included. The winner-take-all axis (blue) is insensitive to soft radiation.

In this paper we study three different jet axes, with varying degrees of sensitivity to soft

radiation, which we now introduce: we start from an inclusive sample of jets, obtained by

using the anti-kT algorithm [3] with jet radius parameter R = 0.8, and refer to the resulting

jet axis as the standard (ST) jet axis. Only jets with rapidity |η| < 2 are considered, and

results for several bins in the jet transverse momentum pT will be reported. Applying soft

drop [4] with zcut = 0.1 and several values for β to remove soft radiation, the axis of the

resulting groomed jet will be called the groomed (GR) jet axis. Finally, we recluster the

original jet using the winner-take-all (WTA) recombination scheme [5, 6], for which the

effect of soft radiation is power suppressed, yielding the WTA axis. To ensure that all

radiation is inside the jet (i.e. that the jet algorithm returns a single jet) the jet radius is

increased. These various axes are pictured in figure 1, where the offset between the ST

(black) and GR (green) axis is due to groomed away radiation (gray). The WTA axis

(blue) clearly tracks the energetic collinear (blue) radiation.

We will consider the distance θ =
√
∆η2 +∆φ2 in pseudorapidity η and azimuthal

angle φ between these axes, denoted with θST,GR, θST,WTA and θGR,WTA, respectively.

This distance is boost invariant and for a jet at zero rapidity, i.e. perpendicular to the

beam axis, θ is equal to the angle between these axes (in the small angle limit, which we

focus on). We therefore refer to this as an angle. These angles characterize the different

sensitivity to soft radiation of these axes. In our calculations it will be convenient to express

θ as a vector %k⊥ transverse to the jet axis, with θ = |%k⊥|/pT , since vectors can easily be

added. To simplify the notation, we will omit the vector symbol when referring to the

norm of a vector, i.e. k⊥ ≡ |%k⊥|.
Given this identification between angles and transverse momenta, it should come as

no surprise that all three angles between the jet axes considered here involve some form

of transverse momentum resummation [7–12]. As such, it provides another window into

the physics of transverse momentum dependent fragmentation functions and parton dis-

tribution functions, focusing on the bulk distribution of transverse momentum within jets
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Measure angular difference between different jet axes:

Standard axis: -scheme recombination
Soft Drop axis: Standard axis of groomed jet
Winner-Take-All axis: WTA recombination scheme
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Cluster inclusive jets with radius , then recluster with anti-  with radius R kt r

R

r

Measurements of inclusive and leading subjet fragmentation 3

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.

We can then measure either the 
inclusive subjets or the leading subjets 

Neill, Ringer, Sato 2103.16573
Kang, Ringer, Waalewijn  JHEP 07 (2017) 064
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Measurements of inclusive and leading subjet fragmentation 3

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.

We can then measure either the 
inclusive subjets or the leading subjets 

Neill, Ringer, Sato 2103.16573
Kang, Ringer, Waalewijn  JHEP 07 (2017) 064
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Subjet fragmentation — Pb-Pb
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Jr,med(z) = Jmed(z)

parton subjet parton jet

Opportunity to test universality of jet fragmentation functions

See also: Caucal, Iancu, Mueller, Soyez JHEP 10 (2020) 204 
             Apolinario, Milhano, Ploskon, Zhang EPJC 78 (2018) 6, 529 R

r

R = 0.4, r = 0.2

Can probe much higher  than hadron fragmentation measurementsz
CMS PRC 90 (2014) 2 024908
ATLAS PRL 123 (2019) 4 042001

Measure subjets in heavy-ion collisions to probe jet quenching
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Measure subjets in heavy-ion collisions to probe jet quenching
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Figure 6. Inclusive and leading jet spectra for quark/gluon e+e� hemisphere jets and
p
s = Q =

91.2 GeV.

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.

– 29 –

Neill, Ringer, Sato
2103.16573

Leading/inclusive jets
e+e−

Competing effects? 
Gluon suppression  larger 
Soft radiation  smaller 

→ zr
→ zr

No significant modification observed
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Groomed jet substructure
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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

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.

6
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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
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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

New on arXiv

Small :τ2/τ1
“2-prongy”

Large :τ2/τ1
“1-prongy”
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Summary
ALICE measurements of jet substructure in proton-proton collisions are 
providing new tests of our first-principles understanding of QCD

Jet angularities, jet axis differences, subjet fragmentation, … and more not shown!
Explore the transition from the perturbative to nonperturbative regimes

Provides crucial insight for reference to heavy-ion 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

ALICE measurements of jet substructure and jet correlations in heavy-ion collisions 
are producing an emerging picture of jet quenching phenomenology
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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
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Resolved subjects lose 
energy independently 
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Jet substructure

The era of precision jet substructure studies

SCET Chien-Vitev JHEP05(2016)023

pT

h
ar
d
p
ro
ce
ss

⇤QCD

h
ad
ro
n
iz
at
io
n

te
m
p
er
at
u
re

TpTR

je
t
al
go
ri
th
m

pTr m m2

pTR

je
t
sh
ap
e

je
t
m
as
s

jet substructure

· · · · · · · · ·

mb,c

Relate precise jet modifications to medium properties

ATLAS

sNN ! 2.76 TeV
R ! 0.4, ! Η ! # 2

50 100 150 200 250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

pT

RAA

g ! 2.0 "$0.2#
centrality 0%10&
centrality 30%50&

Y.-T. Chien (MIT) Quark and gluon jet substructure 3 / 21

Yang-Ting Chien, QM2018

30

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
Ensemble observables Object tagging

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

JM, Ploskon PRC 102 (2020)

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
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Groomed observables, leading subjets, …Ungroomed angularity, mass, N-subjettiness, …


