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Groomed jet substructure 
Recluster and groom jet to expose hard splitting


Jet Substructure
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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
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Rg = Δy2 + Δφ2

θg ≡
Rg

R

R

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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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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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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Groomed jet substructure
Groomed jet momentum fraction, zg

PRL 120 (2018) 142302

Previous measurements: 
    Slight suppression when integrated over 

    Larger suppression when integrated over 

ΔR
ΔR > Rmin

Modification of splitting function? 
Coherent vs. incoherent energy loss?

zg ≡
pT,sublead

pT,lead + pT,sublead
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Groomed jet radius, θg

Groomed jet substructure
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Rg = Δy2 + Δφ2

θg ≡
Rg

R

R
Medium-induced gluon radiation ( ) broadens jets 
Energy loss narrows jets 
    q-g fractions, coherent vs. incoherent energy loss


And more, e.g.  affects path-length


       Disentangle and constrain these effects

̂q

tf ∼ 1/θ2
g

3

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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SD, zcut=0.1, �=0

vacuum med q/g q�L=5 GeV2

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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Jets in ALICE

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)

5

Ideal for precise jet substructure measurements

https://github.com/JETSCAPE/JETSCAPE
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pp collisions

6

Dynamical grooming:  

Jet angularities: 

zg, θg

λβ

Dataset: 

ℒint = 18.0 nb−1
s = 5.02 TeV

Unfolded distributions
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Dynamical grooming

7

1

σ
dσ
dz

¼ PðzÞ
Z

R

0

dθ
θ
αsðk2t Þ

π
ΔðκjaÞ: ð21Þ

After fixing the coupling and at MLLA, Eq. (21) trans-
forms into
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ᾱ
a½ln

2xþ3
2ðln xþ1−xÞ&: ð22Þ

The resulting tagged z distributions obtained by numeri-
cally solving Eq. (22) are displayed in Fig. 4 for 2 > a > 0.
The origin of the main features observed in Fig. 4 can be
understood analytically by resorting to the DLA, where

1
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This distribution is cut off at a characteristic value of z,
namely

zcut ≈ e−
ffiffiffiffiffiffi
a=ᾱ

p
: ð24Þ

For a ≫ ᾱ, this opens a wide range zcut < z < 0.5 where
the distribution falls off as z−1 and is modulated by

ffiffiffiffiffiffiffiffi
ᾱ=a

p
.

However, for a≳ 0 and zcut ≈ 1, we find that

1

σ
dσ
dz

∼
1

z
e−

ᾱ
a ln

2 z; ð25Þ

i.e., the distribution grows slowly with z. These features are
roughly reproduced in Fig. 4 where the dropoff for the
ktDrop case is clearly visible around z ∼ 0.02.
In this context it is interesting to notice that the cutoff

in z, Eq. (24), is dynamically generated and is a measure offfiffiffiffiffiffiffiffiffiffi
αs=a

p
. This is quite different from SD (mMDT) grooming

with β ¼ 0 where the cutoff is simply given by the input to
the algorithm. Although the distribution is modulated by
the same ratio, dynamical grooming opens up the possibil-
ity to probe the splitting function down to low z.

IV. MONTE CARLO STUDIES AND RESILIENCE
TO NONPERTURBATIVE EFFECTS

In this section, we complement our analytical studies by
using PYTHIA8 [28] to simulate dijet events in proton-proton
collisions at

ffiffiffi
s

p
¼ 13 TeV. For each event, particles are

clustered into anti-kT jets [9] with R ¼ 0.8 and reclustered
with Cambridge/Aachen using FastJet 3.1 [29]. The analy-
sis is performed on jets with pT > 450 GeV=c. Further, the
sensitivity to nonperturbative phenomena such as the
underlying event (multiparton interactions and initial state
radiation) and hadronization is explored.
We plot the kinematics of the tagged emissions on the

primary Lund plane for the three main choices of a in
Eq. (1), corresponding to TimeDrop (a ¼ 2), ktDrop
(a ¼ 1) and zDrop (a ≈ 0), in Fig. 5. It is clear from these
figures that the condition on the hardest branch in each of
these three cases corresponds to suppressing the phase
space at large formation times (alternatively, small virtual-
ities), small kt’s or small momentum fractions z, respec-
tively. It is important to point out that there are no sharp

FIG. 4. The tagged z distribution for fixed coupling as given by
Eq. (22) for 2 > a > 0.
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FIG. 5. Primary Lund planes for the tagged emissions.

MEHTAR-TANI, SOTO-ONTOSO, and TYWONIUK PHYS. REV. D 101, 034004 (2020)

034004-6

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

2005.07584 (2020)

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

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

zcut ≈ e−aπ/αsCF

ln kt ≈ − a
ln kt(Rjet) ≈ − a

Alba Soto Ontoso

Wed 11:10
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Larger   Larger a → θ Smaller   Larger a → z

New Preliminary
Y. Mehtar-Tani, A. Soto-Ontoso, and K. Tywoniuk 

PRD 101 (2020) 034004proton-proton

First measurement of Dynamical Grooming         Well described by PYTHIA
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Angularities in pp collisions

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

௜א୨ୣ୲

௜,்݌
୨ୣ୲,்݌

఑ ȟ ௝ܴ௘௧,௜
ܴ

ఉ

Sumit Saha, link

proton-proton
Results — Jet angularities

Larger  Narrower β→ λβ

New Preliminary

Ezra Lesser

Poster

9

Measurements for multiple  systematically  test pQCD predictionsR, β

Larger  Narrower R→ λβ

Reasonably well-described by PYTHIA

https://indico.cern.ch/event/751767/contributions/3775972/
https://indico.cern.ch/event/751767/contributions/3775972/
https://indico.cern.ch/event/751767/contributions/3775972/
https://indico.cern.ch/event/751767/contributions/3775972/
https://indico.cern.ch/event/751767/contributions/3775972/
https://indico.cern.ch/event/751767/contributions/3775972/
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Pb-Pb collisions

10

Soft Drop: zg, θg
Dataset: 

ℒint = 0.12 nb−1

sNN = 5.02 TeV

Unfolded distributions
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Measurements of  have not been unfolded in AA, due to a large number of 
misidentified Soft Drop splittings predominantly at large angle

zg

Previous measurements with  are 
significantly contaminated with background

zcut = 0.1

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 
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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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 
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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 
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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 
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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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the data. The smeared JEWEL and Hybrid model calculation agree 
with the qualitative trend of the data.
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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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Why we are interested:

Taking maximum splitting 
should be more robust to 
mis-tagged splittings

pp AA

Soft Drop

pp AA

Dynamical Grooming

Similar phase space cuts 
should give similar theoretical 
benefits as SD (reduction of NP 
effects, removal of NGLs)? 

To be investigated…

Dynamical Grooming

7

Key idea:

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

Y. Mehtar-Tani, A. Soto-Ontoso, and K. Tywoniuk 
Phys. Rev. D 101, 034004 (2020)

zi(1 − zi)pT,i ( θi

R )
a

a → 0
a = 1
a = 2

hardest z
hardest kT
smallest tf

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

zcut ≈ e−aπ/αsCF

ln kt ≈ − a
ln kt(R) ≈ − a

JM,  M. Ploskon 
2006.01812

https://arxiv.org/abs/2006.01812
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This leaves ~5-10% mis-tagged splittings Unfolded measurement feasible

Our solution: Measure in the background-reduced part of phase space
Raising  removes mis-identified splittings and reduces their impactzcut

Berta et al. JHEP (2019) 175

Also:
• Reducing  reduces mis-tagged splittings

• Event-wide constituent subtraction

• Explore semi-central collisions

R

JM,  M. Ploskon 
2006.01812

https://arxiv.org/abs/2006.01812
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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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