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proton-proton collisions

Test pQCD techniques: Parton showers, 
resummations, power corrections, …

Constrain non-perturbative effects: 
Hadronization, underlying event

Constrain PDFs, αs

Reference for heavy-ion collisions: Which 
observables are under theoretical control?
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Pb-Pb collisions

Test models of jet quenching in the quark-gluon 
plasma: Strongly-coupled vs. weakly-coupled jet-

medium interaction, …

Constrain medium bulk properties: 
Transverse momentum diffusion coefficient, ̂q

Constrain structure of the quark-gluon plasma: 
What are the relevant degrees of freedom? 

Quasiparticle structure? 

Test factorization/universality in high-T QCD

proton-proton collisions

Constrain non-perturbative effects: 
Hadronization, underlying event

Constrain PDFs, αs

Reference for heavy-ion collisions: Which 
observables are under theoretical control?

Test pQCD techniques: Parton showers, 
resummations, power corrections, …
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Charged particle jets 
• Pro: High-precision spatial resolution to resolve particles; 

Experimentally simpler 

• Con: Additional modeling to compare to theory 
Full jets (charged tracks + EMCal ) 

• Pro: Direct comparison to theory 
• Con: Significant experimental complication; Limited EMCal coverage

π0, γ

ALICE is very good for: 
• Jet substructure 
• Low-pT tracks: 150 MeV/c 
• Particle Identification

ALICE is not so good for: 
• High statistics  
• High pT > ~100 GeV/c  
• Jets at forward/backward rapidity EMCal  

acceptance: 107°
φ

 

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

( |η | < 0.9)

Ideal for precise jet substructure measurements

https://github.com/JETSCAPE/JETSCAPE
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Groomed jet substructure 
Recluster and groom jet to expose hard splitting


K. Tywoniuk (UiB)

SOFT DROP
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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

Identifies quantities related to the ordering of hard splittings in parton showers, 
which may give us a handle on pathlength/coherence effects in AA

Theoretical control: Isolate a pQCD-dominated, calculable 
observable in the complicated heavy-ion environment


A powerful class of observables  
    Sensitive to a wide span of scales

        Provide complementary information to disentangle multiple QCD effects

     Many are analytically calculable from pQCD

Soft Drop: z < zcutθβ
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Identifies quantities related to the ordering of hard splittings in parton showers, 
which may give us a handle on pathlength/coherence effects in AA

Theoretical control: Isolate a pQCD-dominated, calculable 
observable in the complicated heavy-ion environment


A powerful class of observables  
    Sensitive to a wide span of scales

        Provide complementary information to disentangle multiple QCD effects

     Many are analytically calculable from pQCD

Rg = Δy2 + Δφ2

θg ≡
Rg

R

RSoft Drop: z < zcutθβ
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pp collisions
Dynamical grooming:  

Jet angularities:  

-tagged jets:  

Dead cone

zg, θg, kT

λβ

D0 zg, θg

Datasets: 

ℒint = 18.0 nb−1
s = 5.02 TeV

Unfolded distributions

Leticia Cunqueiro Mendez

Thurs July 30, 09:30

ℒint = 22.5 nb−1
s = 13 TeV

Jet substructure
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in Summer 2020Many New Preliminary
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New Preliminary

Y. Mehtar-Tani, A. Soto-Ontoso, K. Tywoniuk 
PRD 101 (2020) 034004

Larger   Larger a → θ Smaller   Larger a → z

Well described by PYTHIA

Identify splitting in C/A tree as the maximum of a particular grooming condition:

zi(1 − zi)pT,iθa
i

a → 0
a = 1
a = 2

hardest z
hardest kT

smallest tf

proton-proton collisions

First measurement of Dynamical Grooming

New Preliminary
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Angularities in pp collisions

• Also related to jet mass 
݉୨ୣ୲: ߢ = ߚ ,1 = 2

ఉୀଶߣ
ୀଵ~

݉୨ୣ୲
ଶ

ଶ்

Goals of studies:
• Provide tests of perturbative 

& non-perturbative QCD
• Provide a baseline for 

comparison to Pb-Pb

5

• Angularity ݃:  ߢ = ߚ ,1 = 1

arXiv:1807.06854

ఉߣ
 ؠ 
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ܴ

ఉ

Sumit Saha, link

Reasonably well-described by PYTHIA

proton-proton collisions
Measurements for multiple  systematically  test pQCD predictionsR, β

New Preliminary
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Pb-Pb collisions
Soft Drop: zg, θg

Dataset: 

ℒint = 0.12 nb−1

sNN = 5.02 TeV

Unfolded distributions

Jet substructure

James Mulligan, Lawrence Berkeley National Lab ICHEP 2020



Groomed jet substructure in Pb-Pb
Groomed jet momentum fraction, zg
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Figure 4: Ratios of zg distributions in PbPb and smeared pp collisions in the 10% most central
events, for several pT,jet ranges, compared to various jet quenching theoretical calculations [37–
39, 59]. The error bars (shaded area) represent the statistical (systematic) uncertainty. The
diagonally hatched band denotes the uncertainty from the treatment of the medium response
using the JEWEL event generator.

function in pp and peripheral PbPb collisions, at the level of 15%. In central PbPb collisions,
a steeper zg distribution is observed, indicating that the parton splitting process is modified
by the hot medium created in heavy ion collisions. These results provide new insight into the
role of color coherence and other attributes of the interactions of partons in the quark-gluon
plasma.
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Never unfolded for detector effects and background fluctuations in heavy-ion collisions
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Table 3
Fraction of jets that pass the Soft Drop condition zcut = 0.1 in the specified range of angular separation and in the 
transverse momentum range 40 ≤ pch

T,jet < 60 GeV/c for pp and 80 ≤ pch
T,jet < 120 GeV/c for Pb–Pb collisions. Uncertain-

ties on the data are written as statistical (systematic).

Tagged rate (%)

Dataset Pb–Pb pp

Angular Cut !R < 0.1 !R > 0.0 !R > 0.1 !R > 0.2 !R > 0.0

Data 38.4 ± 2.3(2.5) 92.1 ± 3.5(0.9) 53.6 ± 2.7(3.4) 41.8 ± 2.4(3.6) 97.3 ± 3.0(1.7)

PYTHIA 34.6 95.5 60.2 46.9 98.6
Hybrid 47.5 93.4 45.8 35.0 N/A
JEWEL 42.0 93.0 51.0 40.0 N/A

Fig. 3. Detector-level Pb–Pb distributions of zg for R = 0.4 jets with varying minimum/maximum angular separation of subjets (!R) for jets in the range 80 ≤ pch
T,jet < 120 

GeV/c. The systematic uncertainties are represented by the shaded area. The corresponding values for the embedded PYTHIA reference (open symbols), Hybrid model (dashed 
line) and JEWEL (solid line) are also shown in the plot. The lower plots show the ratios of data, Hybrid and JEWEL model to the embedded PYTHIA reference.

hibit a shift towards lower number of splittings. The discrepancies 
between the distributions from PYTHIA and from pp collisions 
are incorporated as a part of the reference uncertainty via the 
reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
ers). The Hybrid model and JEWEL predictions correspond to the red (dashed) and 
blue (solid) lines. The lower panel shows the ratio of the nSD distribution in data 
and the embedded PYTHIA reference (grey). The ratios of the Hybrid and JEWEL 
models to the embedded PYTHIA reference are also shown and their uncertainties 
are purely statistical.

7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.
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hibit a shift towards lower number of splittings. The discrepancies 
between the distributions from PYTHIA and from pp collisions 
are incorporated as a part of the reference uncertainty via the 
reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
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models to the embedded PYTHIA reference are also shown and their uncertainties 
are purely statistical.

7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.
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FIG. 1. The normalized cross section di↵erential in the
groomed radius ✓g = Rg/R in proton-proton collisions at
7 TeV including nonperturbative e↵ects compared to results
from the CMS open data analysis of [66] with R = 0.5,
|⌘| < 2.4 and transverse momenta pT = 85�115 GeV (black)
and pT = 200� 250 GeV (orange).

Here we introduced an average color factor to account for
the flavor dependence of the nonperturbative contribu-
tion: Cq = (CF +CA)/2CF for a quark and Cg = CA/CF

for a gluon jet, respectively. The final ✓g distribution can
be written as
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where ✓g =
p

✓20 + ✓2? + 2✓0✓? cos� and we left the de-
pendence on pT , ⌘ and additional integrals over zg,� im-
plicit. Note that we consider hadronization e↵ects sepa-
rately for the two branches since in general they can have
di↵erent energies.

In Fig. 1, we show a comparison of the normalized ✓g-
di↵erential distribution including nonperturbative e↵ects
in comparison to results from the CMS open data anal-
ysis of [66] at 7 TeV. Jets were identified with R = 0.5,
|⌘| < 2.4 and in two pT intervals pT = 85 � 115 GeV
(black) and pT = 200 � 250 GeV (orange). We use the
parameter Q2

0 = 1.54 GeV2 for both pT intervals. With
the nonperturbative contribution, the CMS Open data
results are reasonably well described. However, we note
that the results are not corrected for detector e↵ects 1.
Our results provide the baseline for the studies of the ✓g
distribution in heavy-ion collisions discussed in the next
section.

1
We also compared to the unfolded preliminary data in pp colli-

sions from ALICE at
p
s = 7TeV at the LHC [67] and STAR atp

s = 200GeV at RHIC [68], and found reasonably good agree-

ment as well.
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FIG. 2. The ✓g distribution for ALICE kinematics in the
vacuum (dotted blue); with in-medium quark/gluon fractions
(dashed red) or PT -broadening e↵ects with hq̂Li = 5 GeV2

(solid green).

Jet Substructure Observables in Heavy-Ion Collisions.
We assume that the heavy-ion cross section for the ✓g
distribution can be cast in a similar form as the factor-
ization structure at leading power in proton-proton colli-
sions shown in Eq. (3). As mentioned in the Introduction,
we have to consider two e↵ects: First, the quark/gluon
fractions fq,g in Eq. (3) can change and, second, the inter-
nal structure for the quark and gluon jets encoded in the
functions ⌃i(✓g) can be di↵erent in heavy-ion collisions
as well.

We start with the modification of the overall
quark/gluon fractions [69, 70] due to interactions with
the medium. For this, we follow a recent study based
on QCD factorization for inclusive jet production in
heavy-ion collisions [48]. In this paper, the in-medium
quark/gluon fractions were extracted within a global
analysis of inclusive jet production data PbPb ! jet+X
at the LHC using the same factorization structure as in
proton-proton collisions. A significant shift toward quark
jets in the final state inclusive jet sample in heavy-ion
collisions was observed. Qualitatively such a shift is ex-
pected as gluons lose more energy than quarks. Several
jet substructure observables also suggest a large shift to-
ward quark jets [71–74]. The overall shift toward quark
jets is illustrated in Fig. 2. The vacuum result is shown by
the dotted blue curve for the ALICE kinematics of [35] atp
s = 5.02 GeV with jet kinematics 80 < pT < 120 GeV,

|⌘| < 0.5 and radius R = 0.4 and the soft drop parame-
ters zcut = 0.1, � = 0. Since quark jets peak at smaller
values of ✓g, we observe an overall narrowing of the dis-
tribution (dashed red) relative to the vacuum.

Next we consider PT -broadening e↵ects due to inco-
herent multiple scatterings of the two branches inside the
medium, which generally leads to an opposite e↵ect com-

Ringer, Xiao, Yuan (2019) 
1907.12541

Never measured in heavy-ion collisions
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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.

Identifying groomed jet splittings in Pb-Pb
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Embed PYTHIA into Pb-Pb background to estimate the fraction of subleading prongs in 
PYTHIA that are reconstructed in the subleading prong of the combined event

Large number of misidentified Soft Drop splittings predominantly at large angle
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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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primary Lund plane density ⇢(, Rg) = 1
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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.
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Low-pT, zcut = 0.2. Bottom: High-pT, zcut = 0.1.
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Table 3
Fraction of jets that pass the Soft Drop condition zcut = 0.1 in the specified range of angular separation and in the 
transverse momentum range 40 ≤ pch

T,jet < 60 GeV/c for pp and 80 ≤ pch
T,jet < 120 GeV/c for Pb–Pb collisions. Uncertain-

ties on the data are written as statistical (systematic).

Tagged rate (%)

Dataset Pb–Pb pp

Angular Cut !R < 0.1 !R > 0.0 !R > 0.1 !R > 0.2 !R > 0.0

Data 38.4 ± 2.3(2.5) 92.1 ± 3.5(0.9) 53.6 ± 2.7(3.4) 41.8 ± 2.4(3.6) 97.3 ± 3.0(1.7)

PYTHIA 34.6 95.5 60.2 46.9 98.6
Hybrid 47.5 93.4 45.8 35.0 N/A
JEWEL 42.0 93.0 51.0 40.0 N/A

Fig. 3. Detector-level Pb–Pb distributions of zg for R = 0.4 jets with varying minimum/maximum angular separation of subjets (!R) for jets in the range 80 ≤ pch
T,jet < 120 

GeV/c. The systematic uncertainties are represented by the shaded area. The corresponding values for the embedded PYTHIA reference (open symbols), Hybrid model (dashed 
line) and JEWEL (solid line) are also shown in the plot. The lower plots show the ratios of data, Hybrid and JEWEL model to the embedded PYTHIA reference.

hibit a shift towards lower number of splittings. The discrepancies 
between the distributions from PYTHIA and from pp collisions 
are incorporated as a part of the reference uncertainty via the 
reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
ers). The Hybrid model and JEWEL predictions correspond to the red (dashed) and 
blue (solid) lines. The lower panel shows the ratio of the nSD distribution in data 
and the embedded PYTHIA reference (grey). The ratios of the Hybrid and JEWEL 
models to the embedded PYTHIA reference are also shown and their uncertainties 
are purely statistical.

7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.

ALICE Collaboration / Physics Letters B 802 (2020) 135227 5

Table 3
Fraction of jets that pass the Soft Drop condition zcut = 0.1 in the specified range of angular separation and in the 
transverse momentum range 40 ≤ pch

T,jet < 60 GeV/c for pp and 80 ≤ pch
T,jet < 120 GeV/c for Pb–Pb collisions. Uncertain-

ties on the data are written as statistical (systematic).

Tagged rate (%)

Dataset Pb–Pb pp

Angular Cut !R < 0.1 !R > 0.0 !R > 0.1 !R > 0.2 !R > 0.0

Data 38.4 ± 2.3(2.5) 92.1 ± 3.5(0.9) 53.6 ± 2.7(3.4) 41.8 ± 2.4(3.6) 97.3 ± 3.0(1.7)

PYTHIA 34.6 95.5 60.2 46.9 98.6
Hybrid 47.5 93.4 45.8 35.0 N/A
JEWEL 42.0 93.0 51.0 40.0 N/A

Fig. 3. Detector-level Pb–Pb distributions of zg for R = 0.4 jets with varying minimum/maximum angular separation of subjets (!R) for jets in the range 80 ≤ pch
T,jet < 120 

GeV/c. The systematic uncertainties are represented by the shaded area. The corresponding values for the embedded PYTHIA reference (open symbols), Hybrid model (dashed 
line) and JEWEL (solid line) are also shown in the plot. The lower plots show the ratios of data, Hybrid and JEWEL model to the embedded PYTHIA reference.

hibit a shift towards lower number of splittings. The discrepancies 
between the distributions from PYTHIA and from pp collisions 
are incorporated as a part of the reference uncertainty via the 
reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
ers). The Hybrid model and JEWEL predictions correspond to the red (dashed) and 
blue (solid) lines. The lower panel shows the ratio of the nSD distribution in data 
and the embedded PYTHIA reference (grey). The ratios of the Hybrid and JEWEL 
models to the embedded PYTHIA reference are also shown and their uncertainties 
are purely statistical.

7. Summary

This Letter presents the measurement of jet substructure using 
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of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
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vacuum is less than at small angles, resulting in an enhanced con-
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suppressed the splittings are, and this is qualitatively consistent 
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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.
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Low-pT, zcut = 0.2. Bottom: High-pT, zcut = 0.1.
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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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Measurements of qg, zg in pp and Pb–Pb collisions at
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Fig. 1: Definition of the kinematic variables of a splitting identified by Soft Drop grooming [17]. The identified
splitting is denoted in black.

[21, 24–27]. In this note, we report results of qg and zg with stronger grooming parameters than in57

previous measurements, in which a larger fraction of the jet energy is groomed away.58

In heavy-ion collisions, qg is sensitive to multiple jet quenching physics mechanisms. It has been pro-59

posed that qg can constrain the trade-off between the narrowing of jets due to the relative suppression of60

gluon vs. quark jets, and the broadening of jets due to transverse momentum diffusion [28]. Addition-61

ally, qg may be sensitive to the ability of the medium to resolve jets via color coherence, where a color62

dipole may either be resolved by the medium as two independent color charges or remain unresolved63

as a single color charge, leading to different modifications in the medium [29]. Moreover, uncertainty64

principle arguments suggest that jet splittings are formed at different times in vacuum (tf ⇠ 1/q 2
g ) such65

that wider splittings are formed earlier in the parton shower and narrower splittings are formed later. This66

would result in wider jet splittings traversing on average a longer path in the medium, and undergoing67

more significant modification of the substructure than narrower jet splittings. Similarly, it has also been68

argued that zg may be sensitive to several jet quenching effects, such as the modification of the parton69

shower by medium-induced gluon splitting, breaking of color coherence / angular ordering, or modifica-70

tion to the DGLAP splitting function in the QGP [30–33]. By measuring both qg and zg simultaneously,71

and thereby both the angular and momentum scales of the hard substructure of jets, these jet quenching72

mechanisms can be further constrained.73

No measurement of qg has been performed in heavy-ion collisions. Previous measurements of the zg74

distribution by CMS [20] and ALICE [21] in Pb–Pb collisions at
p

sNN = 5.02 and
p

sNN = 2.76 TeV75

respectively, indicated significant modification with respect to pp collisions. However, these results were76

not fully corrected for background and detector effects. Instead, these results were compared to a pp77

reference embedded into a Pb–Pb background. This approach is difficult to interpret due to a significant78

contamination of the reported distributions by mis-tagged splittings arising from the underlying event79

[34]. They also cannot be directly compared to theoretical calculations of jet quenching or between80

experiments.81

In this analysis, we report fully corrected zg and qg distributions for the first time in heavy-ion collisions.82

To do so, the measurement is performed in an approximately background-free part of phase space by83

leveraging strong grooming parameters and demonstrating quantitative control of mis-tagging effects84

due the heavy-ion underlying event.85

2 Experimental setup and data sets86

A description of the ALICE detector and its performance can be found in Refs. [35, 36]. The pp data87

set used in this analysis was collected in 2017 during LHC Run 2 at
p

s = 5.02 TeV. A minimum bias88
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Theoretical approaches 

Fixed-order calculations: 

NLO, NNLO


Resummed calculations:

e.g. 


Parton showers

(αs ln 1/R2)n

NNLO contributions are significant

See also CMS 2005.05159 (2020) 

POWHEG+Pythia
Aliolo et al. JHEP 43 (2010), JHEP 4 (2011)
Sjöstrand et al. JHEP05 (2006) 026, CPC 178 (2008) 852

Currie, Glover, Pires PRL 118 072002 (2017)
NNLO

PRC 101 034911 (2020)

Full jets

Liu, Moch, Ringer PRL 119 (2017) 212001
NLL resummations are significant

Currie, Glover, Pires PRL 118 072002 (2017) 
Czakon et al. JHEP 262 (2019)
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POWHEG+Pythia
Aliolo et al. JHEP 43 (2010), JHEP 4 (2011)
Sjöstrand et al. JHEP05 (2006) 026, CPC 178 (2008) 852

Currie, Glover, Pires PRL 118 072002 (2017)
NNLO

PRC 101 034911 (2020)

PRC 101 034911 (2020)

Suppression of jet yields in heavy-ion 
collisions relative to scaled pp collisions

RAA =
d2NAA

⟨TAA⟩ d2σpp

Full jets

S. ACHARYA et al. PHYSICAL REVIEW C 101, 034911 (2020)
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FIG. 7. Jet RAA at
√

sNN = 5.02 TeV for R = 0.2 (left) and R = 0.4 (right) compared to LBT, SCETG, hybrid model, and JEWEL
predictions. The combined 〈TAA〉 uncertainty and pp luminosity uncertainty of 2.8% is illustrated as a band on the dashed line at RAA = 1.
Systematic uncertainties are only included for the SCETG and hybrid model predictions; see text for details.

evolution of jet and recoiling medium particles through the
thermal medium with linear Boltzmann equations. An effec-
tive strong coupling constant αs is taken as a free parameter fit
to experimental data. The model calculations are performed
according to the methods in Ref. [25]. No systematic uncer-
tainties were provided for this calculation.

Soft collinear effective theory with Glauber gluons
(SCETG) builds on the approach of soft collinear effective
theory (SCET), in which the jet cross section is factorized
into a “hard function” corresponding to the initial scattering
and a “jet function” corresponding to the fragmentation of
a hard-scattered parton into a jet. In SCETG, jet energy loss
in heavy-ion collisions is implemented by interactions of
jet partons with the hot QCD medium in an effective field
theory via the exchange of “Glauber” gluons, encapsulated in
an in-medium jet function. The predictions were performed
according to Ref. [29] but with minor differences. The pp
jet cross section was computed to NLO in αs, and with a
LL resummation in jet R. Medium effects were computed
at NLO, but without a resummation in jet R (resulting in
large systematic uncertainties for R = 0.2). The in-medium
splitting functions described above include radiative processes
evaluated using 2 + 1D viscous hydrodynamics, but these
predictions do not include collisional energy loss. Note that
this could have significant impact particularly on the larger
radius jets, where it may increase suppression. The EFT
coupling constant between the medium and jets is g = 2.0.
For pp collisions, the CT14nlo PDF was used, and for Pb-Pb
collisions, the nCTEQ15FullNuc PDF was used. Energy loss
in cold nuclear matter was also taken into account. The plotted
error band represents the systematic uncertainty obtained by
scale variations.

In the hybrid model, partons are produced by vacuum
pQCD, and shower according to vacuum pQCD—but in be-
tween these hard splittings, parton energy loss is modeled
according to a gauge-gravity duality computation in N = 4

supersymmetric Yang-Mills at infinitely strong coupling and
large Nc. Model predictions were provided with two values
of Lres, which describes the scale at which the medium
can resolve two split partons. The medium evolution was
modeled by a hydrodynamic expansion. The plotted error
bands represent the combination of statistical and systematic
uncertainties.

All models exhibit strong suppression and produce the
same qualitative trend of RAA as a function of pT,jet . In the case
R = 0.2, JEWEL slightly underpredicts the jet RAA regardless
of whether medium recoils are included, while for R = 0.4 the
“recoils on” prediction is more consistent with the data. There
is no significant difference between the “recoil on” or “recoil
off” option in JEWEL for R = 0.2; one expects in general
a smaller impact from medium recoil in smaller radius jets.
The LBT model describes the data marginally better, but still
shows slight tension. Note that the dominant systematic un-
certainties in the data are positively correlated between pT,jet
bins. Neither the JEWEL nor LBT predictions include system-
atic uncertainties. The SCETG predictions are consistent with
the data, although the R = 0.2 prediction has large systematic
uncertainties due to a lack of in-medium ln R resummation
in this calculation. Additionally, the SCETG calculation did
not include collisional energy loss, which may underestimate
suppression for R = 0.4. The hybrid model describes the trend
of the data reasonably well, although like the LBT model, it
exhibits slight tension, particularly in the pT,jet < 100 GeV/c
range. The shapes of the pT,jet dependence differ between
the model predictions, most notably between SCETG and the
others. While the experimental uncertainties are larger for
R = 0.4, the model predictions span a wider range of RAA
than in the case of R = 0.2, which highlights the importance
of measuring the R dependence of the jet RAA.

The predictions typically use different strategies for each
of the “non jet energy loss” pieces (initial state, expansion,
hadronization, pp reference spectrum) and do not attempt
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predictions. The combined 〈TAA〉 uncertainty and pp luminosity uncertainty of 2.8% is illustrated as a band on the dashed line at RAA = 1.
Systematic uncertainties are only included for the SCETG and hybrid model predictions; see text for details.

evolution of jet and recoiling medium particles through the
thermal medium with linear Boltzmann equations. An effec-
tive strong coupling constant αs is taken as a free parameter fit
to experimental data. The model calculations are performed
according to the methods in Ref. [25]. No systematic uncer-
tainties were provided for this calculation.

Soft collinear effective theory with Glauber gluons
(SCETG) builds on the approach of soft collinear effective
theory (SCET), in which the jet cross section is factorized
into a “hard function” corresponding to the initial scattering
and a “jet function” corresponding to the fragmentation of
a hard-scattered parton into a jet. In SCETG, jet energy loss
in heavy-ion collisions is implemented by interactions of
jet partons with the hot QCD medium in an effective field
theory via the exchange of “Glauber” gluons, encapsulated in
an in-medium jet function. The predictions were performed
according to Ref. [29] but with minor differences. The pp
jet cross section was computed to NLO in αs, and with a
LL resummation in jet R. Medium effects were computed
at NLO, but without a resummation in jet R (resulting in
large systematic uncertainties for R = 0.2). The in-medium
splitting functions described above include radiative processes
evaluated using 2 + 1D viscous hydrodynamics, but these
predictions do not include collisional energy loss. Note that
this could have significant impact particularly on the larger
radius jets, where it may increase suppression. The EFT
coupling constant between the medium and jets is g = 2.0.
For pp collisions, the CT14nlo PDF was used, and for Pb-Pb
collisions, the nCTEQ15FullNuc PDF was used. Energy loss
in cold nuclear matter was also taken into account. The plotted
error band represents the systematic uncertainty obtained by
scale variations.

In the hybrid model, partons are produced by vacuum
pQCD, and shower according to vacuum pQCD—but in be-
tween these hard splittings, parton energy loss is modeled
according to a gauge-gravity duality computation in N = 4

supersymmetric Yang-Mills at infinitely strong coupling and
large Nc. Model predictions were provided with two values
of Lres, which describes the scale at which the medium
can resolve two split partons. The medium evolution was
modeled by a hydrodynamic expansion. The plotted error
bands represent the combination of statistical and systematic
uncertainties.

All models exhibit strong suppression and produce the
same qualitative trend of RAA as a function of pT,jet . In the case
R = 0.2, JEWEL slightly underpredicts the jet RAA regardless
of whether medium recoils are included, while for R = 0.4 the
“recoils on” prediction is more consistent with the data. There
is no significant difference between the “recoil on” or “recoil
off” option in JEWEL for R = 0.2; one expects in general
a smaller impact from medium recoil in smaller radius jets.
The LBT model describes the data marginally better, but still
shows slight tension. Note that the dominant systematic un-
certainties in the data are positively correlated between pT,jet
bins. Neither the JEWEL nor LBT predictions include system-
atic uncertainties. The SCETG predictions are consistent with
the data, although the R = 0.2 prediction has large systematic
uncertainties due to a lack of in-medium ln R resummation
in this calculation. Additionally, the SCETG calculation did
not include collisional energy loss, which may underestimate
suppression for R = 0.4. The hybrid model describes the trend
of the data reasonably well, although like the LBT model, it
exhibits slight tension, particularly in the pT,jet < 100 GeV/c
range. The shapes of the pT,jet dependence differ between
the model predictions, most notably between SCETG and the
others. While the experimental uncertainties are larger for
R = 0.4, the model predictions span a wider range of RAA
than in the case of R = 0.2, which highlights the importance
of measuring the R dependence of the jet RAA.

The predictions typically use different strategies for each
of the “non jet energy loss” pieces (initial state, expansion,
hadronization, pp reference spectrum) and do not attempt
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Measure semi-inclusive yield of jets recoiling 
from a trigger hadron:

Well-suited to statistical background 
subtraction procedure in heavy-ion collisions

Allows low- , large-R measurements pT

ALICE JHEP 2015 9 (2015) 170 
STAR PRC 96 (2017) 024905
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⟶ 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

Semi-inclusive hadron-jet measurement in central Pb–Pb ALICE Collaboration

is dominated by the uncertainty of tracking efficiency, is approximately 5% for both Pb–Pb and pp col-
lisions, with negligible dependence on pchT,jet and R. However, the instrumental response is significantly
non-Gaussian [17] and unfolding of the full response matrix is used for corrections.

4 Discussion of observables

4.1 General considerations

Energetic jets that arise from high momentum transfer (high-Q2) scattering of partons are readily visible
in event displays of high multiplicity heavy-ion collisions [22, 23]. However, accurate measurement of
jet energy in such events, and unbiased measurement of jet distributions, are more difficult. Application
of a jet reconstruction algorithm to high multiplicity events will cluster hadrons arising from multiple
incoherent sources into each reconstructed jet, resulting in significant smearing of the true hard jet energy
distribution. It will also generate a large population of “combinatorial” background jets comprising solely
hadrons generated by soft production processes (Q2 below a few GeV2), which cannot be identified as
hard jets with smeared energy.

Current heavy-ion jet analyses select the hard jet population on a jet-by-jet basis by several different
approaches: removal of an estimated background component of transverse energy prior to jet reconstruc-
tion [41]; or imposition of a fragmentation bias requiring a cluster of high-pT tracks or a single high-pT
track in the jet, and imposition of a jet pT threshold [17,19,20,42]. These rejection techniques may bias
towards certain fragmentation patterns in the accepted hard jet population.

This analysis takes a different approach, in which corrections for background and instrumental effects
are applied solely at the level of ensemble-averaged distributions, without rejection of individual jet
candidates or removal of event components. The analysis is based on the semi-inclusive differential
distribution of charged jets recoiling from a high-pT trigger hadron, with the trigger hadron selected
within a limited pT,trig interval (Trigger Track, or TT, class). This distribution, which is the number of
jets measured in the recoil acceptance normalized by the number of trigger hadrons, is equivalent to the
ratio of inclusive production cross sections,

1
NAAtrig

d2NAAjet
dpchT,jetdηjet

∣

∣

∣

∣

∣

pT,trig∈TT

=

(

1
σAA→h+X

·
d2σAA→h+jet+X

dpchT,jetdηjet

)
∣

∣

∣

∣

∣

pT,h∈TT

, (3)

where AA denotes pp or Pb–Pb collisions, σAA→h+X is the cross section to generate a hadron within
the pT interval of the selected TT class, d2σAA→h+jet+X/dpchT,jetdη is the differential cross section for
coincidence production of a hadron in the TT interval and a recoil jet, and pchT,jet and ηjet are the charged
jet transverse momentum and pseudo-rapidity.

Because the observable in Eq. 3 is semi-inclusive, the selection of events containing a hard process
(“hard-process selection”) is based solely on the presence of a high-pT hadron trigger. In particular,
there is no requirement that a jet satisfying certain criteria be found in the recoil acceptance. Rather,
all jet candidates in the recoil acceptance are counted in Eq. 3, regardless of their specific properties.
Events with no hard jet candidates (however defined) falling within the acceptance are not rejected, and
contribute to the normalization. This observable thereby measures the absolutely normalized rate of
recoil jets observed per trigger. Correction for the contribution of uncorrelated background jets in Eq. 3
is carried out at a later step in the analysis, as discussed below.

Other jet correlation measurements in heavy-ion collisions have been carried out, in which hard-process
selection utilizes a compound condition that requires the presence of both a trigger object (jet or photon)
and a recoil jet satisfying certain criteria [22, 23, 43]. The jet correlation distributions in these analyses

5
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is dominated by the uncertainty of tracking efficiency, is approximately 5% for both Pb–Pb and pp col-
lisions, with negligible dependence on pchT,jet and R. However, the instrumental response is significantly
non-Gaussian [17] and unfolding of the full response matrix is used for corrections.

4 Discussion of observables

4.1 General considerations

Energetic jets that arise from high momentum transfer (high-Q2) scattering of partons are readily visible
in event displays of high multiplicity heavy-ion collisions [22, 23]. However, accurate measurement of
jet energy in such events, and unbiased measurement of jet distributions, are more difficult. Application
of a jet reconstruction algorithm to high multiplicity events will cluster hadrons arising from multiple
incoherent sources into each reconstructed jet, resulting in significant smearing of the true hard jet energy
distribution. It will also generate a large population of “combinatorial” background jets comprising solely
hadrons generated by soft production processes (Q2 below a few GeV2), which cannot be identified as
hard jets with smeared energy.

Current heavy-ion jet analyses select the hard jet population on a jet-by-jet basis by several different
approaches: removal of an estimated background component of transverse energy prior to jet reconstruc-
tion [41]; or imposition of a fragmentation bias requiring a cluster of high-pT tracks or a single high-pT
track in the jet, and imposition of a jet pT threshold [17,19,20,42]. These rejection techniques may bias
towards certain fragmentation patterns in the accepted hard jet population.

This analysis takes a different approach, in which corrections for background and instrumental effects
are applied solely at the level of ensemble-averaged distributions, without rejection of individual jet
candidates or removal of event components. The analysis is based on the semi-inclusive differential
distribution of charged jets recoiling from a high-pT trigger hadron, with the trigger hadron selected
within a limited pT,trig interval (Trigger Track, or TT, class). This distribution, which is the number of
jets measured in the recoil acceptance normalized by the number of trigger hadrons, is equivalent to the
ratio of inclusive production cross sections,
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where AA denotes pp or Pb–Pb collisions, σAA→h+X is the cross section to generate a hadron within
the pT interval of the selected TT class, d2σAA→h+jet+X/dpchT,jetdη is the differential cross section for
coincidence production of a hadron in the TT interval and a recoil jet, and pchT,jet and ηjet are the charged
jet transverse momentum and pseudo-rapidity.

Because the observable in Eq. 3 is semi-inclusive, the selection of events containing a hard process
(“hard-process selection”) is based solely on the presence of a high-pT hadron trigger. In particular,
there is no requirement that a jet satisfying certain criteria be found in the recoil acceptance. Rather,
all jet candidates in the recoil acceptance are counted in Eq. 3, regardless of their specific properties.
Events with no hard jet candidates (however defined) falling within the acceptance are not rejected, and
contribute to the normalization. This observable thereby measures the absolutely normalized rate of
recoil jets observed per trigger. Correction for the contribution of uncorrelated background jets in Eq. 3
is carried out at a later step in the analysis, as discussed below.

Other jet correlation measurements in heavy-ion collisions have been carried out, in which hard-process
selection utilizes a compound condition that requires the presence of both a trigger object (jet or photon)
and a recoil jet satisfying certain criteria [22, 23, 43]. The jet correlation distributions in these analyses
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Semi-inclusive hadron-jet correlations

Significant modification of  
distributions in High-Multiplicity (HM) 

compared to Minimum Bias (MB)

Δφ

Similar effect seen in PYTHIA — what is its origin?

  

Acoplanarity versus event activity
Data not unfolded; estimated uncertainty from tracking efficiency

Significant suppression of HM wrt MB; effect is stronger for recoil jets with lower p
T
  

recoil jets 
(10,15) GeV

recoil jets
 (15,20) GeV

recoil jets 
(20,30) GeV

recoil jets 
(40,60) GeV

F. Krizek HP2020                                7
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Semi-inclusive hadron-jet correlations

Significant modification of  
distributions in High-Multiplicity (HM) 

compared to Minimum Bias (MB)

Δφ

Similar effect seen in PYTHIA — what is its origin?

  

Acoplanarity versus event activity
Data not unfolded; estimated uncertainty from tracking efficiency

Significant suppression of HM wrt MB; effect is stronger for recoil jets with lower p
T
  

recoil jets 
(10,15) GeV

recoil jets
 (15,20) GeV

recoil jets 
(20,30) GeV

recoil jets 
(40,60) GeV

F. Krizek HP2020                                7

HM trigger constructed from 
forward scintillators: 

  

pp collisions at √s = 13 TeV

V0A : 2.8 < η < 5.1 V0C : -3.7 < η < -1.7

● Data from 2016-2018
● Online triggers:
   - Minimum bias (MB) 0.098 pb-1  (3.2G events)
   - High multiplicity (HM): 13 pb-1

● Offline event activity (EA) selection:
             V0M = V0A + V0C
   Scaled multiplicity   V0M/�V0M�   

  � V0M ��= mean of MB distribution
   Enables comparison of runs with
   differing V0 gain, and with theory  
● 5 < V0M/�V0M� < 9  ≈  0.1% of MB cross section

F. Krizek HP2020              4

5 <
V0A + V0A

⟨V0A + V0C⟩
< 9

James Mulligan, Lawrence Berkeley National Lab ICHEP 2020
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Semi-inclusive hadron-jet correlations

Significant modification of  
distirbutions in High-Multiplicity (HM) 

compared to Minimum Bias (MB)

Δφ

High-multiplicity requirement 
biases towards multi-jet topologies

HM trigger induces forward-backward 
rapidity bias for recoil jets

  

Acoplanarity versus event activity
Data not unfolded; estimated uncertainty from tracking efficiency

Significant suppression of HM wrt MB; effect is stronger for recoil jets with lower p
T
  

recoil jets 
(10,15) GeV

recoil jets
 (15,20) GeV

recoil jets 
(20,30) GeV

recoil jets 
(40,60) GeV

F. Krizek HP2020                                7

  

PYTHIA 8 Monash: recoil jet η 
distribution vs event activity (EA)

● Does high EA selection enhance:

-  recoil jet distribution at large |η|? →Yes

-  near-side jet distribution at large |η|? → No →  
                                                                HM selection biases recoil jets 

New for HP2020

F. Krizek  HP2020          13

James Mulligan, Lawrence Berkeley National Lab ICHEP 2020
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Jet substructure measurements 

First fully corrected measurements of Soft Drop  in heavy-ion collisionszg, θg

ALICE has a rich QCD jet program in both pp and Pb-Pb collisions

Inclusive and semi-inclusive measurements

A variety of groomed and ungroomed observables in pp collisions


Semi-inclusive techniques allow low-  measurements to probe jet acoplanaritypT

Inclusive cross-sections test pQCD calculations and constrain jet quenching models


And more not covered!

LHC Run 3 will open new jet possibilities:
Heavy-flavor, differential measurements, correlations, …



Backup
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Hard Probes 2020, Vít Kučera �12

D0 meson reconstruction

D0

K−

π+

D0 →K− π+

D0 selection: 
• topological cuts
• particle ID (TPC dE/dx, time of flight)

D0

Hard Probes 2020, Vít Kučera 

D0-tagged 
inclusive

NEW!

�29

nSD

1 2 30

total number of splitting satisfying SD nSD

Consistent with harder fragmentation of the charm quark (compared to inclusive jet fragmentation)
→ dead-cone effect
→ quark vs gluon jets

nSD for D0-tagged and inclusive jets

ALICE-PUBLIC-2020-002

30

Soft Drop — -tagged jetsD0
ALICE-PUBLIC-2020-002

Groomed D0-tagged jet substructure measurements 11

Fig. 6: The measured zg (left), Rg (right) and nSD (bottom) distributions, corrected to particle level, of prompt D0-
tagged jets (black circle markers) and inclusive jets (blue square markers) are shown in the 15  p

jet ch
T < 30 GeV/c

interval. The D0-tagged jets are tagged with D0 mesons in the range 5  p
D0
T < 30 GeV/c, whilst the jets in the

inclusive sample have a leading track cut of pT � 5.33 GeV/c.

V. Kucera, Hard Probes 2020

Well described by PYTHIA
Harder fragmentation of charm 

quark compared to inclusive jets

Total number of iterative Soft Drop splittings: nSD

-tagged jet: A jet containing a prompt D0 D0

Goal: Constrain charm fragmentation 

Dead-cone effect


Quark vs. gluon differences

proton-proton collisions

James Mulligan, Lawrence Berkeley National Lab ICHEP 2020

New Preliminary
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Recluster and groom jet to expose hard splitting


Soft Drop — -tagged jetsD0

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

ALICE-PUBLIC-2020-002

Groomed D0-tagged jet substructure measurements 11

Fig. 6: The measured zg (left), Rg (right) and nSD (bottom) distributions, corrected to particle level, of prompt D0-
tagged jets (black circle markers) and inclusive jets (blue square markers) are shown in the 15  p

jet ch
T < 30 GeV/c

interval. The D0-tagged jets are tagged with D0 mesons in the range 5  p
D0
T < 30 GeV/c, whilst the jets in the

inclusive sample have a leading track cut of pT � 5.33 GeV/c.

Rg = Δy2 + Δφ2

R

zg ≡
pT,sublead

pT,lead + pT,sublead

Hard Probes 2020, Vít Kučera �12

D0 meson reconstruction

D0

K−

π+

D0 →K− π+

D0 selection: 
• topological cuts
• particle ID (TPC dE/dx, time of flight)

D0

-tagged jet: A jet containing 
a prompt 
D0

D0

No significant modification of -tagged compared to inclusiveD0

Physics effects 

Dead-cone


Quark vs. gluon

James Mulligan, Lawrence Berkeley National Lab ICHEP 2020
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New Preliminary

Y. Mehtar-Tani, A. Soto-Ontoso, K. Tywoniuk 
PRD 101 (2020) 034004

First measurement of 
Dynamical Grooming

kTDrop timeDrop

Well described by PYTHIA

Identify splitting in C/A tree as the maximum of a particular grooming condition:

zi(1 − zi)pT,iθa
i

Similar to Soft Drop — except 
grooming condition varies jet-by-jet

a → 0
a = 1
a = 2

hardest z
hardest kT (kTDrop)
smallest tf (timeDrop)

Dynamical Grooming
Hardest kT Measured in pp Collisions

• Dynamical grooming methods show same trends.

• PYTHIA in broad agreement with the data.

Dynamical kT

ALI-PREL-352289
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New for HP!

Raymond Ehlers (ORNL) - 2020 June 03 15

Hardest kT Measured in pp Collisions
• Dynamical grooming methods show same trends.

• PYTHIA in broad agreement with the data.
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Table 3
Fraction of jets that pass the Soft Drop condition zcut = 0.1 in the specified range of angular separation and in the 
transverse momentum range 40 ≤ pch

T,jet < 60 GeV/c for pp and 80 ≤ pch
T,jet < 120 GeV/c for Pb–Pb collisions. Uncertain-

ties on the data are written as statistical (systematic).

Tagged rate (%)

Dataset Pb–Pb pp

Angular Cut !R < 0.1 !R > 0.0 !R > 0.1 !R > 0.2 !R > 0.0

Data 38.4 ± 2.3(2.5) 92.1 ± 3.5(0.9) 53.6 ± 2.7(3.4) 41.8 ± 2.4(3.6) 97.3 ± 3.0(1.7)

PYTHIA 34.6 95.5 60.2 46.9 98.6
Hybrid 47.5 93.4 45.8 35.0 N/A
JEWEL 42.0 93.0 51.0 40.0 N/A

Fig. 3. Detector-level Pb–Pb distributions of zg for R = 0.4 jets with varying minimum/maximum angular separation of subjets (!R) for jets in the range 80 ≤ pch
T,jet < 120 

GeV/c. The systematic uncertainties are represented by the shaded area. The corresponding values for the embedded PYTHIA reference (open symbols), Hybrid model (dashed 
line) and JEWEL (solid line) are also shown in the plot. The lower plots show the ratios of data, Hybrid and JEWEL model to the embedded PYTHIA reference.

hibit a shift towards lower number of splittings. The discrepancies 
between the distributions from PYTHIA and from pp collisions 
are incorporated as a part of the reference uncertainty via the 
reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
ers). The Hybrid model and JEWEL predictions correspond to the red (dashed) and 
blue (solid) lines. The lower panel shows the ratio of the nSD distribution in data 
and the embedded PYTHIA reference (grey). The ratios of the Hybrid and JEWEL 
models to the embedded PYTHIA reference are also shown and their uncertainties 
are purely statistical.

7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.
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for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
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blue (solid) lines. The lower panel shows the ratio of the nSD distribution in data 
and the embedded PYTHIA reference (grey). The ratios of the Hybrid and JEWEL 
models to the embedded PYTHIA reference are also shown and their uncertainties 
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7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.
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Fraction of jets that pass the Soft Drop condition zcut = 0.1 in the specified range of angular separation and in the 
transverse momentum range 40 ≤ pch
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between the distributions from PYTHIA and from pp collisions 
are incorporated as a part of the reference uncertainty via the 
reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
tribution of medium-modifications compared to small-angle split-
tings.

Fig. 4. The number of SD branches for jets reconstructed in Pb–Pb data are shown. 
The systematic uncertainties are represented by the shaded area. The datapoints are 
compared to jets found in PYTHIA events embedded into Pb–Pb events (open mark-
ers). The Hybrid model and JEWEL predictions correspond to the red (dashed) and 
blue (solid) lines. The lower panel shows the ratio of the nSD distribution in data 
and the embedded PYTHIA reference (grey). The ratios of the Hybrid and JEWEL 
models to the embedded PYTHIA reference are also shown and their uncertainties 
are purely statistical.

7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.
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reweighting procedure described above. The corresponding curves 
for the Hybrid model and JEWEL are also shown in the plot.

To explore the dependence of the nSD distribution on the frag-
mentation pattern, we also show a calculation in which the pp 
reference distribution is based solely on light-quark fragmentation. 
Since the quark fragmentation is harder, we see that the number 
of splittings peaks at lower values, in line with what we observe in 
the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.

The trends indicate that the larger the opening angle, the more 
suppressed the splittings are, and this is qualitatively consistent 
with large-angle prongs being more resolved by the medium and 
thus more suppressed. The same process could lead to a reduction 
in the number of hard splittings as observed in Fig. 4. However, it 
is worth noting that both the Hybrid and JEWEL models, in spite 
of their capturing of the general trends of the data, they do not in-
corporate the physics of colour coherence and all the prongs in 
the jet lose energy incoherently. This points to a simpler inter-
pretation of the results for instance in terms of formation times 
of the splittings and their interplay with the medium length. The 
vacuum formation time tf ≈ ω/k2

T ≈ 1/(ω!R2), with ω and kT be-
ing the energy and relative transverse momentum of the radiated 
prong, is shorter for large-angle splittings, meaning that vacuum, 
large-angle splittings, will be produced mostly in the medium and 
their resulting prongs will be further modified by the medium. At 
large angles, the component of vacuum splittings that propagate in 
vacuum is less than at small angles, resulting in an enhanced con-
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7. Summary

This Letter presents the measurement of jet substructure using 
iterative declustering techniques in pp and Pb–Pb collisions at the 
LHC. We report distributions of nSD, the number of branches pass-
ing the soft drop selection, and zg, the shared momentum fraction 
of the two-prong substructure selected by the mass drop condi-
tion, differentially in ranges of splitting opening angle.
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