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Abstract

Quantifying the transitory scales between the perturbative (pQCD) and non-perturbative (npQCD)
regimes of Quantum Chromodynamics is a deep-rooted problem in Particle Physics. While pQCD
applies to partons (quarks and gluons), final-state (detectable) particles - hadrons - lie within the
npQCD regime. In order to investigate the transition from partons to hadrons - hadronization -,
this work proposes to use jets as probing tools, which are structures of final-state particles to which
clustering sequences are assigned as proxies for the particle-evolution history. This document studies
jet substructure via the groomed momentum fraction, measuring an emission’s symmetry in transverse
momentum space, and formation time, a proxy for the emission timescales. They show that selecting jets
on formation time allows the identification of the clustering step where the 2 leading charged particles
decouple. They also reveal that this process (which resolves the 2 leading charged particles) clearly

marks the transition in the clustering tree from pQCD-like to non-pQCD-like features.
Keywords: Jets, Parton Shower, Hadronization, Formation time, Resolved Splitting

1. Introduction

The Standard Model (SM) of particle physics is a
theory that describes the strong and the electro-
weak forces. Quantum Chromodynamics (QCD) is
the quantum field theory (QFT) of the strong in-
teraction, describing the color sector of the SM [1].
Quarks and gluons, collectively called partons, are
the building blocks of QCD, which aims to describe
the interactions of the color-charged partons and
their composite color-neutral states - hadrons and
nuclei [2].

Hadron and heavy-ion collisions are used to gain
insight at the partonic matter. They typically
have high enough energies to eject so-called hard
or highly-penetrating partons from hadronic con-
finement, usually characterized by large momentum
transfers @2 (measure of the 4-momentum transfer
squared) or large transverse momenta pr (with re-
spect to the beamline) [3]. The concept of “hard-
ness” is used as a qualitative scale based on the
particle energy. Such experiments are performed
at the Relativistic Heavy-Ion Collider (RHIC) from
the Brookhaven National Laboratory (BNL) and at
the Large Hadron Collider (LHC) from the Euro-
pean Organization for Nuclear Research (CERN).
The typical collision energies at RHIC are /s = 0.2
TeV, at which both proton-proton (pp) and AuAu
collisions are performed, while much greater ones
are produced at the LHC, of around /s = 5 TeV
for PbPb collisions, reaching the /s = 14 TeV CM

energies for pp.

However, partonic degrees of freedom cannot be
measured directly in experiments. The process by
which independent partonic degrees of freedom get
coupled, resulting in confinement and hadron pro-
duction, is what is designated as hadronization [4],
marking the transition of QCD from its pertur-
bative regime (pQCD) to its non-perturbative one
(npQCD). Hadrons are the particles that eventually
have their energies measured by the detectors.

Hadronization is the main focus of this work.
Since it takes place at low momentum scales, the
physics of hadronization cannot be derived from
first principles. Therefore, this work attempts to
gain insight into the mechanics of hadronization by
grouping the particle aftermath of pp collisions into
groups called jets. Jets are structures containing in-
formation about a collection of final-state particles
that allows the recreation of its evolutionary his-
tory by recovering the steps originating each of the
intermediate multi-particle states.

2. Background

Perturbation theory relies on a convergence of prob-
ability calculations when taking into account pro-
cesses of increasingly higher order, producing, al-
though sometimes arduously, theoretical results of
significant precision. This convergence is assured
when the coupling constant of the QFT (a measure
of the strength of the interaction at a given scale



Q) is small. However, QCD’s coupling constant
agep(Q) is prohibitively large for small @) scales for
perturbative calculations to be performed with any
degree of success. These scales include the hadronic
ones, which leaves the problem of hadronization out
of the reach of perturbation theory. The perturba-
tive running coupling of QCD, calculated at one-
loop, is given by
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where By = 11— %Nf7 with Ny the number of quark
flavours active at scale Q% and Agcep the Landau
pole of QCD, at which the coupling constant di-
verges [5]. For Ny = 3, the average value from
the Particle Data Group for the Landau pole is
AQCD = (332 + 17) MeV [6}

The running coupling of QCD in Equation (1)
shows that partons are asymptotically free parti-
cles at large momenta (small distances) - pQCD
regime -, while small momenta (large distances)
makes partons become tightly bound in highly non-
perturbative processes - npQCD regime.

Luckily, these ultra-relativistic collisions al-
low the factorization between their high-momenta
regime, where particle-evolution is modeled by the
so-called parton shower, and their low-momenta
regime, encoding all the complexity of hadronic
physics. The parton shower is an attempt to cod-
ify the higher than leading-order (LO) physics of
the immediate aftermath of a hard process by cre-
ating a partonic-emission path across the full range
of the pQCD regime. It links a hard scattered par-
ton to a multi-parton final-state by a succession of
1 — 2 splittings, called parton branchings, obeying
the QCD Feynman rules.

The branching probabilities are governed by
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) splitting kernels [7], P,—4.. The possible
branchings in a parton shower are: quark into
quark and gluon (¢ — ¢ + g), gluon into gluon
pair (g — g + g) and gluon into quark-antiquark
pair (g9 — ¢+ ). Therefore, the possible DGLAP
(un-regularized) splitting functions (calculated to
LO) are given by

agep (Q7) =
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where z is the fraction of the 4-momentum of the
mother-parton carried by its softest daughter.
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Figure 1: Typical QCD potential calculated at LO
for a charmonium system (bound state of charm,
¢, and anti-charm, ¢, quarks via strong interaction)
taken from [8].

When it comes to hadronization, its treatment in
this work follows the Lund String model. It is based
on the assumption that the confining force field be-
tween a colour and an anticolour charge, such as
the one in a color-singlet ¢g, can be viewed as a
flux tube with potential energy increasing linearly
with the inter-charge distance, much like a string
(shown in Figure 1 when neglecting the Coulomb
term).

3. Jets
Since the partons that undergo branching in the
aforementioned collisions are very highly energetic
and the showers are angular ordered, their paths
are highly collinear to the one of the original
parton. The highly-collimated (collider reference
frame) cone of energetic final-state particles subse-
quently produced is what is called a jet [4].
Multiple algorithms were developed to group col-
lections of final-state particles into jets. A jet clus-
tering algorithm is a set of rules that dictate the
order by which one clusters the particles, pairing
them up according to their kinematic information.
An important algorithm parameter is the jet ra-
dius R, which defines the maximum angular reach
of the jet algorithm. This limitation leaves, in gen-
eral, part of the radiation from the hard scattering
parton outside of the jet’s reach, which is why jets
are only first-order proxies for their initiators and
not fully-faithful structures. The steps taken by the
clustering algorithm provide, nevertheless, an op-
portunity to probe the emission phase-space within
jets via their substructure, where one searches for



the effects of hadronization.

The most commonly used jet algorithms (and
the ones employed in this work) are the sequen-
tial recombination algorithms. They go beyond just
finding jets and implicitly assign a clustering se-
quence to them [4], mimicking the heuristic parton
branching pictures given by the DGLAP functions
in Equations (2). They treat jet constituents at
the pair-level by quantifying the probability of two
particles having the same origin using a certain dis-
tance measure d;; given by
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where AR;;, a measure of the angular distance be-
tween particles ¢ and j, is given by

ARy iy + G- 0 (@)
with y & 2 In (gfzi) the rapidity of a parti-
cle with energy F and longitudinal momentum py,
(with respect to the beam direction) and ¢ its az-
imuthal angle. In the high-energy limit approxima-
tion, for which quarks are assumed massless, rapid-
ity becomes a new variable called the pseudorapid-
ity, defined as n = —In (tan (g)), where 60 is the
angle of the particle’s 3-momentum with respect to
the beamline.

The p is an algorithm-defining parameter that se-
lects the Cambridge/Aachen (C/A) algorithm for
p = 0, which clusters particles independently of
particle momenta and therefore produces purely ge-
ometrical orderings, and the anti-k; algorithm for
p = —1, which favours clustering with at least one
hard particle. Furthermore, setting p = 0.5 selects
the 7 algorithm [9], which will be discussed shortly.

One of the most recent techniques applied to jet
analysis is the jet grooming. Jet grooming usu-
ally results in the removal of soft wide-angle parti-
cles from the periphery of jet-cones, slimming them
down to their harder collinear cores. Jet grooming
algorithms allow for better comparisons between ex-
perimental data and pQCD calculations (DGLAP
splitting functions), since they clean the jets from
soft contamination (mainly npQCD effects). The
most commonly used grooming algorithm and the
one incorporated in this work is the soft-drop (SD)
algorithm [10].

The SD algorithm works with jets identified using
anti-k; and re-clustered using the C/A algorithm.
Then, following the main branch (branch of high-
est transverse momentum), the soft-drop criterion,
expressed in Equation (5), is recursively applied to
check, at each de-clustering step, if soft emissions
occur, flagging them to be dropped if they do [10].
The SD criterion is expressed by
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min (pr1,pr2)
pr1 + P12

with AR5 the angular distance defined in Equation
(4).

The fixed parameters z.,: (soft threshold) and 8
(angular exponent) regulate the severeness of the
SD condition and, therefore, the effectiveness of
the jet grooming. For this work, one sets § = 0,
which selects the so-called modified mass drop tag-
ger (mMDT) algorithm from the SD algorithm fam-
ily. However, from this time forward, it will be re-
ferred simply as the SD algorithm. One also sets
Zewt = 0.1, meaning a branching is only SD ap-
proved if the partition of the mother’s initial pr is
more equitable than a 10% / 90% share between
the softest and hardest particle, respectively. The
groomed jet can be characterized by the groomed
jet momentum fraction z4, given by

aer TiN (P11, PT2) (6)
PT1 + P12

The groomed momentum fraction z; > 2eyt is
the fraction of the total transverse momentum of
the source object that is carried out by the softest
daughter of a SD emission.

SD grooming has been shown very recently in [9]
to allow for the association of a timescale to the
jet splittings that build up the fragmentation pat-
tern. The concept of formation time was firstly de-
veloped as a jet analysis tool in the paper [9] and
was recently measured at RHIC by the STAR col-
laboration [11]. The formation time Tty is the
time that a quantum state, such as a parton, takes
to behave as two independent sources of additional
radiation [12], like the 2 daugther-partons from a
splitting. Applying the high-energy limit approxi-
mation, splitting formation time can be estimated
as

Zg
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where £ = E; + FEs is the total energy, F1 and Ey
are daughters’ energies, #15 the angle between the
trajectories of the 2 daughters and z = %
is the energy fraction.

From the contribution of the total energy to the
denominator in Equation (7), it comes that the
more energetic a parton is, the earlier it splits into
2 other partons. Then, since parton showers are
pr-ordered, splitting formation time has great po-
tential to serve as a shower-ordering variable. This
is, in fact, what happens for the 7 algorithm. In the
high-energy, soft (z << 1) and collinear (612 << 1)
limits, the main distance measure d1p2:0'5 of the 7
algorithm becomes a proxy for ngrlm. Clusterings
that maximize the formation time are favoured over
others, which will be very useful in the search for
the hadronization timescales. This work extends
SD-grooming to jets re-clustered with the 7 algo-
rithm.

Tform ™~



4. Implementation

In particle physics, a hard scattering performed in a
collider like RHIC or the LHC is called an event. In
order to develop and guide new research in this field,
many physicists are dedicated to develop numeri-
cal algorithms that apply theoretical principles and
experiment-based optimizations to generate simu-
lated events. Such a framework of algorithms is
called an event generator. The event generator used
in this work is PYTHIA 8.306 [13]. This program
is a standard tool for the generation of high-energy
collision events.

When simulating pp events with PYTHIA, the
user has to set a number of minimal initialization
parameters. In this work, PYTHIA is alternately
set (in the CM frame) with /s = 0.2 TeV (RHIC
collisions) or /s = 5 TeV (LHC collisions). An-
other input parameter is a minimum transverse mo-
mentum requirement pr™""" that the user imposes
on the outgoing hard scattering partons to enhance
sampling efficiency on the jet transverse momentum
(prjet) ranges of interest. One sets pr™" = 16
GeV/c when sampling jets with 20 < prjer < 40
GeV/c (from RHIC collisions) and pp™" = 170
GeV/c when sampling jets with 200 < pr jer < 300
GeV/c (from LHC collisions). Furthermore, 2 - 10
pp collisions are simulated for each setup of kine-
matic conditions and all QCD 2 — 2 quark/gluon
scattering processes (excluding heavy-quarks start-
ing from charm [13]) are enabled.

The 4-momentum and the electric charge of the
particles produced in the simulated event is pro-
vided by PYTHIA. This particle information is
then transferred to the jet finder package FastJet
[14], which provides extensively tested implemen-
tations of the clustering algorithms described in
Section 3. The initial jet-finding clustering is per-
formed with the anti-k; jet algorithm and requires
only one parameter: the jet radius, set to R = 0.6
for all simulation settings. Anti-k; is chosen due to
its ability of triggering on a “hard-like” structure
and identify it as a jet. The jets found through
this initial clustering procedure are then subjected
to a selection process that discards the ones with
pseudorapidities from outside the —1 < 7mjer < 1
interval.

However, anti-k; clustering trees are not appro-
priate for jet substructure studies as they are, hav-
ing a single hard branch from which all particles are
emitted. Therefore, the jet particles are submitted
to 2 distinct re-clustering processes, one using the
C/A algorithm and the other using the T algorithm,
both with jet radius set to Rpew = 1.0 to guarantee
the inclusion of particles in the jet borders. The
C/A algorithm, with its purely geometric distance
measure, produces clustering trees which resemble
QCD angular ordering, making it the most suited

to evaluate QCD-like features, such as z,. However,
the 7 algorithm performs better at identifying cor-
rectly the formation time, since it is built around
Ttorm being (roughly) its ordering variable. The re-
clustered jets are then groomed by the soft-drop
algorithm.

All the graphical results are plotted using the
ROOT [15] framework. Histograms presented in
Section 5 are self-normalized and bin contents are
divided by the width of the respective bins.

5. Results

To advance the study of jet substructure towards
non-perturbative hadronization scales, one selects
3 distinct splittings from a jet: the 1%¢ soft-drop
emission (1SD), the leading charged particles split-
ting (LCP) and the resolved soft-drop splitting
(RSD). The 1SD emission corresponds to the first
de-clustering step that satisfies the SD criterion. It
physically translates to the first hard (generally par-
tonic) pQCD-like emission within that jet (hardness
scale set by zcyt = 0.1). The LCP splitting assumes
the 2 final-state charged particles with the high-
est pr from a jet (leading and sub-leading charged
particles) are produced in a hadronic splitting. It
will serve as a baseline for effects taking place at
hadron level (manifestly non-perturbative). The
RSD splitting is the SD emission that resolves the 2
leading charged particles, corresponding to the de-
clustering step where the sources of the leading and
sub-leading charged particles get separated into 2
different prongs. These 3 splittings are schemati-
cally represented in Figure 2. The comparison be-
tween the 3 holds the potential of revealing how to
use jet substructure observables to flag the transi-
tion from partonic to hadronic scales. Results pre-
sented in this Section are merely a selection of the
ones produced for my thesis.

Starting with the groomed momentum fraction
zg introduced in Equation (6), Figure 3 shows the
1SD emission as being highly asymmetrical, as are
the pQCD parton splitting functions in Equations
(2). This translates into a significantly uneven mo-
mentum share between the main and secondary
jet branches. However, Figure 3 also reveals the
LCP splitting to have the exact opposite behaviour,
with a much higher tendency to equitably share
the transverse momentum between the 2 leading
charged particles. As for the RSD splitting, its
behaviour is somewhere in between the other 2
splittings, being more symmetrical than the 1SD
and more asymmetrical than the LCP. While the
1SD distributions are highly peaked for small z,
and LCP ones for large z4, the RSD distributions
are shown to be significantly flatter. Nevertheless,
the RSD is shown to be tendentiously symmetrical,
more to the likes of the LCP splitting, diverging
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Figure 2: First soft-drop emission (top), leading
charged particles splitting (middle) and resolved
soft-drop splitting (bottom), highlighted in ma-
genta for the hypothetical branching scheme of a
jet produced in a hard scattering event; arrowed
lines represent quarks, spiral lines gluons, translu-
cent magenta ellipses the hadronization process and
opaque magenta ellipses the outgoing hadrons.

from the DGLAP splitting functions expected for
pQCD. Overall, the behaviour of the 1SD, RSD and
LCP momentum fraction distributions is shown to
be very similar for both RHIC and LHC jets (and
also for both C/A and 7 re-clustering).

When it comes to the formation time at each of
the 3 splittings of interest, 7¢o,p, is calculated using
Equation (7). The results in Figure 4 show a shift
to higher formation time values caused by the 1SD
— RSD — LCP transition for RHIC kinematic set-
tings. The RSD distribution follows the 1SD one
more closely for small 7o, and then the LCP one
for large Tiorm. In fact, the Teorm, rgp distribution
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Figure 3: z, distributions for the splittings of 20 <
prjet < 40 GeV/c jets produced in /s = 200 GeV
pp collisions (top panel) and of 200 < pr jes < 300
GeV/c jets produced /s = 5 TeV pp collisions
(bottom panel); distributions are represented in red
circle, blue square and black diamond markers for
the 1SD, RSD and LCP splittings, respectively; re-
clustering is performed with the C/A algorithm.

is significantly flatter than the T¢o;m, 15p one. This
stems from the fact that the leading charged par-
ticles need not be resolved neither at the very first
soft-drop splitting nor at the very last emission of
the tree, leading to a more uniform T¢orm, rgp dis-
tribution.

To make a more rigorous analysis of the relative
behaviour of the 7¢,.m, distributions, it is interesting
to look at the ratio between them. The ratios are
chosen to be with respect to the LCP distribution,
S0 to establish comparisons in relation to the only
splitting that is independent of the re-clustering al-
gorithm. Figure 5 shows that the shape of the 1SD
and LCP 7¢.n distributions are never the same.
Small 7oy is dominated by 1SD, while large 7¢orm
is dominated, naturally, by the LCP distribution,
leading to a sharp decrease of the 1SD/LCP ratio.

However, when it comes to the RSD/LCP ra-
tio, Figure 5 reveals that RSD dominates at smaller
Ttorm DUt it quickly decreases and stagnates at ratios
below but very close to unity. For that time range,
RSD and LCP seem to very closely match when
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Figure 5: Ratios of the 7¢y, distributions of the
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distribution of the LCP, represented in red circle
and black diamond markers, respectively, for 20 <
P1,jet < 40 GeV/c jets produced in /s = 200 GeV
pp collisions; re-clustering is performed with the 7
algorithm.

it comes to the shape of their 7¢,., distributions.
Taking the 7orm where the RHIC RSD/LCP ratio
becomes smaller than unity as reference, the time
range for which this ratio behaves as a “plateau”
near unity is identified as (for both re-clustering al-
gorithms)

Plateau: Tform > 1.3+ 0.3 fm/c

(®)

This hints that cuts in formation time will select
jets with differently-placed RSD splittings. If the
cut is made on Tgm rsp for the range in (8), the
RSD of the selected RHIC jets seem to have the

hadron-like time-structure of the LCP splitting.

For LHC kinematic settings, Figure 6 reveals the
same time-ordering for the different splittings, with
the average Torm increasing significantly for 1SD —
RSD — LCP. It also shows the shape of the RSD
distribution to resemble the 1SD one for small T¢orm
and then the LCP one for large Teorm-
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Figure 6: Tgorm distributions for 200 < p jet < 300
GeV/c jets produced in /s = 5 TeV pp colli-
sions, corresponding to the 1SD, RSD and LCP
splittings in red circle, black diamond and brown
square markers, respectively; re-clustering is per-
formed with the 7 algorithm.

g . e ]

Q9 L atio of: |
5 PYTHIA 8.306 N o

o 102 }" —e— 1" soft-drop emission| -

Em. —+— Resolved splitting | 3

F oo 200 < pT’ie' <300 GeV/c

10" e p+p Vs =5000 GeV =

F “’ Ceg, Re-cluster: 1 3

r “mw:::::m‘ 7

Ll St et T O e TP TP L TP CPEREPEPEPR s -~

E O TIPSR L £

C ®e I

= .:. -

i Ratios with respect to: “ e ]

£ LCP distribution G, E

c il ], %eeel®

107" 1 10 102 10°
Tiorm [fM/C]

Figure 7: Ratios of the 7Ty distributions of the
1SD and RSD splittings with respect to the Trorm
distribution of the LCP, represented in red circle
and black diamond markers, respectively, for 200 <
prjet < 300 GeV/c jets produced in /s = 5 TeV
pp collisions; re-clustering is performed with the 7
algorithm.

In Figure 7, the 1SD/LCP ratio shows once again
that there are substantial shape differences between
these 2 distributions, while the RSD/LCP ratio
quickly drops until it eventually stabilizes around
unity for larger T¢o;m. However, the RSD/LCP ra-



tio drop happens much earlier for LHC jets than
it does for RHIC settings and it also behaves very
differently around the unitary ratio. The ratio first
acquires values close but above unity and then tran-
sitions to values close but below unity. This al-
lows the identification of a double-“plateau” struc-
ture in the LHC ratio plot. The 2"? plateau is
identified using the 7goy, for which RSD/LCP be-
comes smaller than unity. However, since the 1%
“plateau” does not cross the unity line, it is identi-
fied as the Tgorm range for which the RSD/LCP ratio
is above unity and within a 0.2 variation interval.
Then, the “plateaus” are identified as

1 Plateau:

2nd

0.10 £ 0.03 < Tgorm < 1.0 £0.3 fm/c

Plateau: 7eorm > 8+ 2 fm/c (9)

for C/A re-clustering and

15 Plateau:

2nd

0.10 + 0.03 < Torm < 0.6 £ 0.2 fm/c

Plateaw: Tgorm > 6+ 2 fm/c (10)
for 7 re-clustering.

Once again, these cuts in formation time should
select jets with more LCP-like RSD splittings, in-
dicating they might be taking place at hadronic
scales.

Given the “plateau” structure of RSD/LCP ra-
tios found at RHIC and LHC energies, one proceeds
to separately sample jets according to the RSD for-
mation time cuts presented in Equations (8), (9)
and (10). The Torm,rsp ranges for the sharply
falling ratios (drop regions) are considered to be
the ones immediately prior to the RHIC “plateau”
(Ttorm,rsp < 1.3 fm/c) and prior to the LHC 1%
“plateau” (Tform7RSD < 0.10 fm/c).

The number of SD emissions that occur after the
RSD splitting (Npost-rsp) provides a measure of
how far the RSD splitting is from the end of cluster-
ing tree. This number can be traced along both the
main and the secondary RSD prongs. The average
Npost-rsp for RHIC and LHC kinematics are shown
in Tables 1 and 2, respectively.

Average Npost-RSD
Ranges Main Secondary
Drop 2.740 £+ 0.003 | 1.644 + 0.002
Plateau | 1.202 £ 0.002 | 0.502 + 0.001

Table 1: Average Nyost-rsp both along the main
and the secondary RSD prongs and for C/A re-
clustered 20 < prjer < 40 GeV/c jets from /s =
200 GeV pp collisions, selected from the drop and
plateau Tiorm, RSD regions.

Table 1 shows RHIC jets with Tform, rsp in the
drop region (small Torm, rsD) generally have still
a few SD emissions taking place after the RSD
along both branches. However, jets that fall on
the “plateau” range shown in (8) (large Ttorm, RSD),
in spite of still having a few SD emissions along
the main RSD prong, are shown to have practically
none along the secondary branch. This hints that
large Teorm, rsp selects RHIC jets whose RSD split-
ting effectively marks the end of the clustering tree
along the secondary RSD prong, meaning RSD is
in the vicinity of the hadronization scales.

Average Npost—RSD
Ranges Main Secondary
Drop 4.654 + 0.006 | 3.934 + 0.006
1%t Plateau | 4.060 £ 0.005 | 3.054 £ 0.004
274 Plateau | 1.302 £ 0.002 | 0.557 & 0.001

Table 2: Average Npost-rsp both along the main
and the secondary RSD prongs and for C/A re-
clustered 200 < prjer < 300 GeV/c jets from
/s = 5 TeV pp collisions, selected from the drop,
1%t plateau and 2™ plateau Tform, RSD regions.

The LHC averages in Table 2 also show that jets
sampled from smaller RSD formation time cuts still
have, on average, multiple SD emissions after the
RSD along both RSD prongs. In fact, the Npost-rSD
averages found for LHC’s drop and 1%¢ “plateau”
regions of the RSD/LCP ratio are very similar with
each other. This suggests that the flat shape of the
15t “plateau” may not have any physical meaning
when it comes to tagging the transition from parton
to hadron levels. However, for the higher 7¢m, rRsD
range of the 2"¢ “plateau”, most clustering trees
keep evolving along the main RSD prong (although
to a lesser extent than jets from the drop and 15
“plateaun” ranges), but they effectively stop along
the secondary prong.

Furthermore, the similarity between the
Npost-rsp averages at the “plateau” of the
RHIC ratio and at the 2"? “plateau” of the LHC
ratio is noteworthy (last row of Tables 1 and 2).
This reinforces the conclusion that large Tform, RSD
selects jets whose RSD splitting comes very close
to the ending stages of the clustering tree (verified
for both C/A and 7 re-clustering).

The effect of different RSD formation time selec-
tions on the (un-groomed) jet mass Mje; is shown
in Figures 5 and 7 for RHIC and LHC kinematic
settings, respectively.

Figure 8 shows a clear distinction in Mje; between
the drop and “plateau” ranges of the RHIC ratio.
Jets with the higher 7go;m, rsp of the “plateau” re-
gion have significantly smaller mass than the lower



ing trees will have less SD emissions and the RSD
splitting will typically occur near LCP.

It is relevant to check how the different RSD
placements contribute to the RSD/LCP ratios pre-
sented in Figures 5 and 7, namely in the “plateau”
regions. Therefore, the RSD/LCP time-ratios are
now calculated for RSD splittings taking place at
the 1SD, 2SD and 3SD emissions (Nrsp = 1,2, 3),
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Figure 8: Mje distributions for 20 < prjer < 40
GeV/c jets produced in /s = 200 GeV pp col-
lisions and for whom T¢m, rsp falls in the drop
and plateau regions from the RSD/LCP time-ratio,
represented by red circle and blue square markers,
respectively; re-clustering is performed with the 7
algorithm.
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separately. These ratios are shown in Figures 10
and 11.
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RSD and for RSD located at Nrsp = 1, 2, 3 for 20 <
Prjjet < 40 GeV/c jets from in /s = 200 GeV pp
collisions, represented in black diamond, red circle,
blue square and green cross markers, respectively;
re-clustering is performed with the 7 algorithm.
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Figure 9: Mje distributions for 200 < prjet <
300 GeV/c jets produced in +/s 5 TeV pp
collisions and for whom T¢rm, rsp falls in the
drop, 1%* plateau and 2"¢ plateau regions from
the RSD/LCP time-ratio, represented by red cir-
cle, blue square and black diamond markers, re-
spectively; re-clustering is performed with the 7 al-
gorithm.

Tform, RSD jets from the drop region. A clear separa-
tion in the Mje; distributions can also be observed
in Figure 9, with the jets from the 2"¢ “plateau”
of the RSD/LCP ratio from the LHC settings hav-
ing much smaller mass than the jets from the 1%
“plateau” and drop regions. Since there is lit-
tle overlap between distributions for each of the
Tform, RSD Tanges of interest, the jet mass appears
to be a good proxy for jet selection via formation
time (verified for both C/A and 7 re-clustering).
Through a selection on higher jet masses, cluster-
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Figure 11: RSD/LCP time-ratios for the generic
RSD and for RSD located at Nrgp = 1,2,3 for
200 < prjer < 300 GeV/c jets from in /s = 5
TeV pp collisions, represented in black diamond,
red circle, blue square and green cross markers, re-
spectively; re-clustering is performed with the 7 al-
gorithm.



Figure 10 clearly shows that the “plateau” re-
gion of the RHIC RSD/LCP time-ratio gets its
shape from the contributions of later RSD split-
tings, namely for Ngsp = 2 and Nrgp = 3. How-
ever, for Nrsp = 2 and Nrgp = 3, the ratios are
shown to hit a “plateau” around the same time
where the generic RSD/LCP time-ratio is located
at. Since RHIC jets have an average of 3 to 4 soft-
drop emissions in total along the main jet branch,
the ratio distribution for Ngrgp = 3 shows proper-
ties of the ending limits of the parton shower.

Figure 11 shows the composition of the double-
“plateau” structure of the RSD/LCP ratios for the
LHC setup. It reveals that the 15¢ “plateau” from
Figure 7 comes from the balance of contributions
from early RSD splittings, namely Nrgp = 1 and
Ngrsp = 2, as is the case for the drop region. These
observations show that the RSD similarity to the
LCP in the 1% “plateau” has no physical interpre-
tation in terms of tagging the transition from par-
ton to hadron level, since its built mainly out of
early (more pQCD-like) SD emissions. However,
the 274 “platean” is clearly shown to be dominated
by later RSD splittings: Nrsp > 3. Furthermore,
the contribution makeup of the 2"d “plateau” is
very similar to the one observed in Figure 10 for
the single- “plateau” of the RHIC ratio. This is ev-
idence that the RHIC “plateaun” and the LHC 274
“plateau” both probe similar phenomena of the jet
history, taking place at large Torm, rsp. All and all,
one concludes that the late distribution of T¢orm rSD
is the same as the late distribution of T¢orm,rcp,
marking a possible transition from the pQCD to
the npQCD regimes (verified for both C/A and 7
re-clustering).

To further investigate substructure at the RSD
splitting, Figure 12 shows the RHIC z, distribu-
tions for the 1SD, 2SD and 3SD emissions along the
main branch for jets selected with RSD situated in
the 1SD emission (RSD=1SD), in the 2SD emission
(RSD=2SD) and in the 3SD emission (RSD=3SD).

The top panel from Figure 12 reveals that, when
RSD=1SD, the z, distributions of the 1SD, 25D
and 3SD emissions are all notoriously flat. Since
RSD=18D, the 1SD z, distribution was itself ex-
pected to be flat (similarly to what is observed in
Figure 3), but the following 2SD and 3SD emis-
sions are shown to have a similar behaviour. As for
the middle panel, where RSD=2SD, the 1SD emis-
sion is shown to be significantly asymmetrical, the
25D emission, being the resolved one, to have a flat
z4 distribution and the posterior 3SD emission to
also have a flat z, distribution. Finally, the bot-
tom panel, having RSD=3SD, shows highly asym-
metrical 1SD and 2SD emissions. These observa-
tions hold independently of the re-clustering algo-
rithm and are very similar to the ones observed for
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Figure 12: 2z, distributions for the 15D, 2SD

and 3SD emissions, represented by red circle, blue
square and black diamond markers, respectively, for
20 < prjet < 40 GeV/c jets from /s = 200 GeV
pp collisions; distributions for jets with RSD=1SD,
25D and 3SD are displayed in the top, middle and
bottom panels, respectively; re-clustering is per-
formed with the C/A algorithm.

LHC kinematic settings. Therefore, from the RSD
splitting onward, the z, distributions flatten for the
subsequent SD emissions along the main branch,
while the previous SD emissions conserve the highly
asymmetric typical shape.

These observations suggest that the RSD split-
ting marks indeed the transition between the asym-
metric (pQCD-like) splitting functions and sym-
metric (non-pQCD-like) SD emissions. Further-
more, for jets with later Tfoym rsp, the RSD co-
incides with the moment the sub-leading charged



particle ends its partonic-like cascade.

6. Conclusions

The RSD splitting was found to inherit both pQCD-
like behaviour, dominant at the 1SD, and non-
pQCD-like behaviour, dominant at the LCP. This
is shown in the study of the groomed momentum
fraction, where the tendentiously flat RSD distribu-
tions differ from the manifestly asymmetrical 1SD
and from the symmetrical LCP, being nevertheless
more similar to the latter.

The following study of the formation times of the
1SD, RSD and LCP helps to understand further
the connection between them. The RSD and LCP
time distributions are shown to practically match in
ranges of large T¢orm, with the ratio between them
stabilizing close to unity. It is possible to identify
one plateau for RHIC settings (Ttorm > 1.3 fm/c,
approximately), while LHC displayed the presence
of a double-plateau structure (0.1 < Tgorm < 0.8
fm/c for the 1% plateau and Teorm > 7 fm/c for the
274 one, approximately).

Jets selected with large Tiorm, rsp are found to
have RSD splittings very close to the end of the clus-
tering tree, while smaller timescales select jets with
still a few SD emissions along both prongs. It is also
shown that time selections strongly translate into a
sharp separation in jet mass, with higher T¢rm, rRSD
jets having significantly smaller jet masses. Over-
all, these substructure studies revealed the 15 LHC
plateau to have very similar features with respect to
the smallest time cuts for both RHIC and LHC jets,
hinting that this plateau is not in fact marking the
shift of the RSD splitting towards non-pQCD-like
regimes. On the other hand, the main contributions
to the RHIC plateau and the 2"¢ LHC plateau come
from jets with RSD placed higher in the clustering
tree, namely after the 2SD emission.

Finally, the RSD splitting is shown to flag the
transition from parton-like to hadron-like splittings.
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