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Exploring and exploiting various regimes within the jet shower
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The last few years have seen community-wide excitement in the study of jet substructure derived from the inner workings of clustering al-
gorithms. Such efforts have resulted in the design of new observables which are related to partonic processes from final state hadrons. Since
jets are multi-scale objects, they necessarily encode information about both the perturbative (pQCD) parton shower and non-perturbative
(npQCD) physics including hadronization. Recent high precision measurements of jet substructure in proton-proton (pp) collisions have
pushed the theoretical community into extending their predictions to higher orders resulting in the observation of large theoretical uncer-
tainties from the non-perturbative regime of the calculations. We emphasize the importance of understanding a jet shower from a multi-
dimensional point of view and highlight a recent measurement focused on distinguishing the pQCD vs. npQCD regimes within a jet shower.
We introduce and discuss the utility of the formation time evaluated at varying stages of the jet shower in pp collisions. Finally, we present
a monte-carlo study of the formation time of charged particles within the jet to gain a handle on hadronization mechanisms including string-

breaking, and outline a path forward for such observables in heavy ion collisions.

Keywords: jet substructure, formation time, non-perturbative QCD, hadronization

1 Introduction

Jets are an algorithmic representation of groups of hadron
originating from the fragmentation and hadronization of a
hard scattered quark/gluon (parton) in high energy collisions.
The latest implementation of jet reconstruction algorithms it-
eratively clusters objects [1L[2]; charged tracks or calorimeter
towers in experiment and particles in event generators, within
an user-defined angular size commonly referred to as a reso-
lution parameter or radius. These clustering algorithms have
proven themselves immensely useful in studying quantum
chromodynamics (QCD) at both the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC). Mea-
sured jet cross-sections as a function of the transverse mo-
mentum have shown to be adequately reproduced by pertur-
bative calculations (pQCD) across several orders of magni-
tude [3]]. The accuracy of the pQCD predictions at the parton
level can be improved with non-perturbative corrections (due
to underlying event, multi-parton interactions and hadroniza-
tion) predominantly estimated from monte-carlo (MC) event
generators. Therefore, reconstructed jets are designated as
proxies for the out-going hard-scattered partons, and now we
study the evolution of the parton via the hadrons associated
with the jet. There are two fundamental scales to consider in
a parton shower, or simply a splitting process (e.g ¢ — ¢+¢),
which are the momentum fraction carried by the emitted par-
ticle, a gluon in this case, and the emission angle. The split-
ting probabilities, which are inversely related to the open-
ing angle and momentum fractions, can be converted into the
well known DGLAP evolution equations for high energy par-
tons. These evolution equations are utilized in MC to evolve
the parton, and once the shower is fully completed and all
the remaining partons end up on the mass shell, hadroniza-
tion mechanisms take over and convert these color charged
partons into color neutral hadrons (and decay them as appli-
cable) which can be detected in experiments. The current era

of jet measurements are focused on exploiting the informa-
tion contained within jet clusterings to extract the structure
and evolution of the jets.

There are two main classes of observables related to jet
structure measured thus far in high energy collisions; mo-
mentum fraction and an opening angle similar to the scales in
the parton shower. Canonical jet structure measurements in-
clude the jet fragmentation function, i.e. the momentum car-
ried by a hadron (charged particles, for ease of measurement)
w.r.t ajet, and the jet shape which measures the (charged) par-
ticle density at a certain distance from the jet axis. Both these
observables describe the structure of the jet and its fragmenta-
tion into hadrons, but do not provide any information related
to its evolution. See [4] for experimental and [5]] for theoret-
ical review articles. Recently, experimentalists and theorists
have come together to expand on the idea of jet clustering
and started studying the possibility of translating an ordered
collection of particles into a probe of the multi-scale dynam-
ics of the parton shower evolution. One such example of an
analysis technique is SoftDrop (SD) grooming [6,[7]], which
re-clusters all constituents of a jet into an angular ordered
tree via the Cambridge/Aachen (C/A) algorithm. In vacuum,
angular ordering follows the emission spectrum wherein sub-
sequent emissions occur at angles smaller than the previous
emission. As a consequence, early time emissions can be
associated with wide angles and later emission with narrow
angles. It has been shown that jet substructure observables
at the first hard splitting, such as the momentum fraction
(z4) and the groomed jet radius ([74), can be described suf-
ficiently by pQCD calculations, without the need for large
hadronization corrections at sufficiently large jet radii and
momenta [8,|9]. This provides evidence that the early time
dynamics of a jet shower can be described in a perturbative
fashion while one expects the later stages to be dominated by
non-perturbative effects since the end result of a jet shower is
hadronized particles measured in the detector.
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The definition of the momentum fraction and groomed jet
radius as shown in Eq[I] calculated using the transverse mo-
menta (pr) and the y (rapidity), ¢ (azimuthal angle) of the
two objects (1, 2) which are numbered such that pr o < pr 1.
The opening angle is commonly referred to using the 6 vari-
able, and in this case, is calculated as the distance between
the two prongs in the y — ¢ space (JR). For SD, these are the
prongs in the C/A clustering that satisfy the grooming crite-
ria, but in principle this definition can be used for any two
quantities such as charged particles or other splittings within
the clustering tree as we will explore in this study.

2 Jet substructure and formation times

A vacuum parton shower is inherently a quantum-mechanical
process and as such the Heisenberg uncertainty principle can
be applied at a particular splitting to define a formation time
given the energy and angle of the emission. Since the en-
ergy scales in discussion are on the order of a few GeVs, we
should also include relativistic effects of time dilation and as
a consequence, one can define as formation time [10] as fol-
lows -

1

= z'(l—z)-ﬂzE[

where z is the momentum fraction, € is the opening an-

gle and E is the energy of the radiator. The impact of such a

formation time observable is to associate a time scale to dif-

ferent parts of the jet evolution and to quantify the varying

physics regimes in the multi-scale jet shower. We first begin

with the perturbative part of the jet shower, i.e the SD first
split.
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FIGURE 1. Correlation between the formation time at the first SD
emission (y-axis) and the invariant jet mass (x-axis) for jets from
PYTHIA 6. The z-axis color scale shows the density of the correla-
tion normalized per total number of jets.

At the SD first split, the necessary ingredients to cal-
culate the formation time, such as the momentum fraction

(z = zg4), the opening angle (f = R,), the mother prong en-
ergy (I, proxy for jet energy) have been shown in pervious
publications [{8,9]]. In order to gain a conceptual understand-
ing of a jet’s formation time at the first SD split, we show
the correlation between In(77") and the invariant jet mass
M=+/E?—p?in Fig This correlation is estimated from
the PYTHIA 6 event generator [[11] with the STAR tune [[12]]
for anti-k7 R = 0.4 jets with 20 < pr < 30 GeV/c. We ob-
serve a strong anti-correlation whereby large/late formation
times correspond to small jet masses and conversely, those
with small/early SD formation times, end up as jets with very
large masses. We understand this behavior primarily based
on the dependence of both the jet mass and formation time to
the opening angle. Early time emissions predominantly oc-
cur via a large opening angle and correspond to jets of large
virtuality and mass. Jets with a late TfS D have a shower topol-
ogy characterized by very narrow opening angles and subse-
quently the overall virtuality and mass are smaller on average.

FIGURE 2. Cartoon representation of the three different stages of
calculating the formation time for a particular jet. The left drawing
highlights the SD first split in the thick black lines. The right panel
shows the leading and subleading charged particles within the jet in
the blue solid lines and the middle panel emphasizes the resolved
splitting in red, where the charged particles are first resolved by the
C/A de-clustering tree into two separate prongs.

Now we define, for the first time, three different forma-
tion times associated with the jet. The first one is the SD
formation time as we discussed earlier, which we expect to
follow a pQCD prescription. In order to signify a later seg-
ment of the jet shower, we shall consider the leading and sub-
leading (in terms of their pr) charged particles within the jet
as the two objects 1,2 and use Eq [2] to calculate a second
formation time T;h. This is not a realistic splitting in a the-
oretical sense, since we know that the charged particles are
produced post hadronization. Thus, one can expect that this
TJ?h will have predominantly later or larger mean values of
the formation times as compared to SD first split, and as a
consequence, we expect this particular quantity to have large
npQCD corrections from hadronization effects [[13]]. Lastly,
we look at a third formation time from an intermediate stage
within the jet shower which we call the resolved splitting
7;°%. The resolved splitting is the first instance along the
C/A de-clustering tree wherein the leading and subleading
charged particles are separated into their own prongs. This
signifies a specific point in time along the jet shower where
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the high energy hadronized remnants of the jet are resolved in
the jet clustering step. All the three types of formation times
are shown in Fig[2]where the black markers represent the SD,
red for the resolved splittings and blue for the charged parti-
cles.
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FIGURE 3. Fully corrected preliminary measurement from the
STAR collaboration of the formation time for the SD first split-
ting (black), resolved splitting (red) and the leading and subleading
charged particle (blue). The shaded regions behind the data markers
represent the total systematic uncertainties. The formation times are
calculated for anti—kr R = 0.4 jets with 20 < pr < 30 GeV/c
and the bottom panel shows the ratio of SD and resolved splittings
to the charged-particle split.

The first measurement of these formation time observ-
ables within a jet shower was done by the STAR collabora-
tion at RHIC and presented recently for anti—kp R = 0.4
jets with 20 < pr < 30 GeV/c in proton-proton collisions
at v/s = 200 GeV. The top panel shows the fully corrected
distributions of the Tf D in black markers, 7}65 in red mark-
ers and T;h in blue markers, where each distribution is nor-
malized to its integral. As expected, we observe a trend in
the three different formation times with <TJ§ by < (T5e%) <
<Tfh>. In order to quantify the shapes of these formation
times, the bottom panel in Fig 3| presents the ratio of both the
TfD and 77°° with TJ?h. At early formation times, we see a
large negative slope for the Tf D splittings indicating the early
time (perturbative) peak of the SD selected splits. At later
formation times (7 > 3 — 4 fm/c), the shape of the resolved
splittings are nearly consistent with the charged hadron split-
tings. With such specially selected resolved splitting, we
can now identify and specify a time within the jet cluster-
ing shower where all the splittings that come afterwards, can
be described as the splitting one calculated using hadrons

as opposed to a partonic splitting. This measurement now
provides a unique method whereby one can use the resolved
splittings within a jet shower, to select a specific jet topol-
ogy entirely based on the time a jet spends in the perturbative
sector (7;°° < 2 fm/c), or in the non-perturbative regime
(T}""S > b5 fm/c). These results will serve as a baseline in
proton-proton collisions to first identify the region of pertur-
bative calculability and then compare different hadronization
mechanisms to explore the non-perturbative sector in QCD.

Space-time tomography of the quark-gluon plasma
(QGP) via jets produced in heavy ion collisions is one of
the standard methods of studying the transport properties of
deconfined quarks and gluons. Since the jets evolve concur-
rently with the QGP, selecting jet topologies with a particu-
lar formation time enables a time-dependent study of the jet-
QGP interactions. Since there is a large heavy ion underlying
event there is a requirement that the selection of the forma-
tion time observable in a jet be robust to the background and
still be sensitive to the kinematics of the jet shower. The first
SD split for jets in heavy ion collisions, with the nominal
value of the grooming parameters, have been shown to be ex-
tremely sensitive to the heavy ion background [[14]]. This can
be overcome by utilizing a stricter grooming criterion [15]]
which affects the selection bias of the surviving jet popula-
tion. Since the leading and subleading charged particles in
a jet are predominantly higher momentum, their reconstruc-
tion is unaffected by the presence of the underlying event.
Thus, the resolved splitting is expected to be a robust guide to
selecting specific jet topologies and a formation time which
can be translated to their path-length traversed in the QGP
medium.

3 Hadronization and jet substructure

In order to study the impact of selecting on the charged
hadron formation time, we look at the charge of the particles
which make up the first, second and third (ordered in pr)
charged hadrons in the jet constituents. The charged particle
formation time is then plotted for same charged leading and
subleading hadrons with the third particle being either pos-
itively or negatively charged. The ratios of these formation
times are shown in Fig [ for negatively (top) and positively
(bottom) charged leading and subleading charged particles.
The red circle (black box) markers in each of the panels cor-
respond to the third charged particle being positively (nega-
tively) charged. In each of the cases, we observe a clear sepa-
ration of the formation times based on the charge of the third
particle predominantly expected to oppositely charged to the
leading and subleading particles. There is no dependence to
the formation time on this ratio estimated from PYTHIA 8§
simulations [[16]] at jet kinematics accessible at RHIC ener-
gies. This particular separation shown in Fig []is a feature
of the Lund string breaking hadronization mechanism im-
plemented in PYTHIA where one expects an overall balanc-
ing of electric charge in the hadrons produced due to the jet
fragmentation. Ongoing experimental measurements at both
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RHIC and LHC are expected to highlight this feature and aim
to understand hadronization mechanism via data-driven ap-
proaches.
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FIGURE 4. Top: Normalized ratio of ch-particle formation time
when the leading and subleading charged particles are negatively
charged and the third particle, ordered in pr is either positive (red
circles) or negative (black boxes) as a function of formation time.
Bottom: Similar ratio of ch-particle formation time in the sce-
nario that the leading and subleading charged particles are positively
charged and the third highest pr particle is either positive (red) or
negative (black).

4 Conclusions

We defined the concept of jet substructure and introduced
many of the recently studied analysis techniques such as
SoftDrop and iterative clustering. We also introduced the
idea of formation times at varying stages of the jet shower
and presented the selection of the resolved splittings. Re-
cent STAR data of the formation times corresponding to the
SD first splits, leading and subleading charged hadron and
the resolved splits was discussed. The resolved splitting is
shown to identify a particular time within the jet clustering
tree wherein the splittings are consistent with the formation
time estimated via hadronized charged particles. For jets at
RHIC energies, the transition region from pQCD to npQCD
is expected to occur 7 &~ 3 — 5 fm/c. We finally highlighted
the ability of such formation time observables to potentially
study hadronization mechanisms in data by looking at the
dependence of the electric charge of the particles consid-
ered in the calculation of the charged particle formation time.
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