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Jets have long served as an experimental proxy for hard scattered quarks and gluons in high-energy
particle collisions. Clustering techniques involved in jet finding allow for a systematic study of the
internal structure of jets accessible at RHIC energies. We present multi-dimensional measurements
of a varying suite of SoftDrop groomed jet substructure observables in pp collisions at

√
s = 200

GeV at STAR. The correlation between the splitting fraction zg versus the groomed jet radius Rg at
the first split highlight an inherent variance in jet shower topologies. For the first time, we present
the zg and Rg at the first, second and third identified SoftDrop splits along the harder branch as
we travel along the jet shower for varying jet and initiator prong momenta. We observe a consistent
trend of narrowing (angle) and hardening (energy fraction) of the splittings in the jet clustering tree
which highlights enhanced sensitivity to non-perturbative corrections and restrictions in phase-space
or virtuality for later splittings.

Introduction Quantum Chromo-Dynamics (QCD) is11

the established theory describing the interactions and dy-12

namics of quarks and gluons, collectively referred to as13

partons. A fundamental feature of QCD is the evolu-14

tion of its interaction strength as a function of energy15

scale or distance measure. The strong coupling constant16

αs that serves as the interaction strength of QCD, has17

a characteristic exponential increase at low energies or18

large distance scales that makes the calculations diverge.19

This breakdown of perturbative expansion in QCD calcu-20

lations results in the unique feature of quarks and gluons21

where they hadronize into color neutral particles. Jets22

originated as the first experimental evidence of quarks23

and gluons gathered from collimated sprays of hadrons24

in annihilation experiments of electrons and positrons [1–25

3]. These jets were understood as having arisen from26

the couples processes of parton shower and fragmen-27

tation/hadronization where the early time dynamics is28

described via perturbative QCD (pQCD) calculations,29

and the later times are fundamentally non-perturbative30

(npQCD) with the formation of hadrons. This is the31

reason why jets are often described as multi-scale ob-32

jects where each jet necessarily traverses both the pQCD33

and npQCD regimes on its way from the hard scatter-34

ing to the detector where it is observed. In the last two35

decades, significant progress has been made in our under-36

standing of QCD at higher orders (NLO, NNLO · · · ) and37

varying length scales (NLL resummations []) due to the38

large volume of jet data from relativistic hadron–hadron39

colliders [4].40

Jets are composite objects containing rich substruc-
ture information that can be exploited via jet finding al-
gorithms [5]. Recent effort in the high-energy physics

community has been in the area of developing novel
experimental algorithms that translate a jet clustering
tree to a theoretically motivated description of a par-
ton shower [6–9]. These algorithms typically employ an
iterative clustering procedure that generates a tree-like
structure, which upon inversion, provides access to sub-
structure at different steps along the cluster tree. The
most common toolkit for such measurements is SoftDrop
(SD) [8], which grooms away soft radiation at the edge
of the jet cone, removing extreme asymmetrical splittings
from the clustering trees expected to have large contribu-
tion from npQCD and are not associated with the orig-
inal partonic jet. The SD algorithm employs a Cam-
bridge/Aachen re-clustering of jet constituents [10, 11]
and imposes a criterion at each step as one walks back-
wards in the de-clustered tree,

zg =
min(pT,1, pT,2)

pT,1 + pT,2
> zcut

(
Rg

Rjet

)β

; Rg = ∆R(1, 2),

(1)
where 1, 2 are the two prongs at the current stage of de-41

clustering, pT is the transverse momentum of the respec-42

tive prong, Rjet is the jet resolution parameter and ∆R is43

the radial distance in the rapidity () and azimuthal angle44

(ϕ) plane. The free parameters in Eq. (1) are zcut, a mo-45

mentum fraction threshold, and β, the angular exponent46

which are typically set to 0.1 and 0, respectively [12].47

These parameter values make SoftDrop observables cal-48

culable in a Sudakov-safe manner, and at the infinite49

jet momentum limit they converge to the Dokshitzer-50

Gribov-Lipatov-Altarelli-Parisi (DGLAP) splitting func-51

tions [13–15].52

Measurements from the Relativistic Heavy-Ion Col-53

lider (RHIC) and from the Large Hadron Collider (LHC)54
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have shown that jet substructure observables, when cal-55

culated via SD grooming technique [16–25], allows one56

to immediately compare pQCD calculations at the first57

hard splitting without the need for large hadronization58

corrections. Since the jet clustering tree extends beyond59

the first split, one can iteratively apply the SD proce-60

dure on the hardest (highest pT) surviving branch and61

measure the jet substructure at each split along the de-62

clustered tree [26]. Such measurements would enable,63

for the first time, a time-differential study of the parton64

shower and evolution of both the momentum (zg) and65

angular scales (Rg) within a jet. The 2-D representa-66

tion of the momentum fraction and angular separation67

of these integrated splittings along all branches is known68

as the Lund Plane (LP) as has been measured in several69

different collaborations. The advantage of the LP is that70

it groups splitings of similar category such as perturba-71

tive, large angle or non-perturbative and soft in specific72

kinematic regions. In doing so, one necessarily integrates73

over the order of the splits which could carry important74

information regarding when specific changes occur to the75

splitting tree from a time aspect which is what we focus76

on in this current letter.77

STAR recently measured the SoftDrop groomed shared78

momentum fraction (zg) and groomed jet radius (Rg)79

at the first surviving split for jets of varying transverse80

momenta and jet radii [21]. These double differential81

measurements demonstrated a significant variation in Rg82

with increasing jet pT, reflecting momentum dependent83

narrowing of jet substructure, whereas zg was found to84

vary only slowly and had a relatively constant shape for85

jet pT > 30 GeV/c. In this Letter and a companion arti-86

cle [27], we present for the first time 3D measurements of87

SoftDrop groomed jet substructure observables and re-88

construct a collection of observables corresponding to zng89

and Rn
g at a given split n. We limit our measurement to90

the first three surviving splits within each jet and present91

the results fully corrected in 3D corresponding to the jet92

or initiator pT, zg/Rg, and the split number n for jets93

of varying pT,jet and for splits of varying initiator pT.94

This set of measurements serve as the first ever differ-95

ential study of the self-similarity of the QCD splitting96

functions throughout the splitting tree.97

Data set The data used in this analysis were collected98

by the STAR detector in pp collisions at
√
s = 200 GeV99

in 2012. Jets are clustered from two primary detectors100

contributing the charged and neutral energy composi-101

tions. Charged particle tracks and their momentum are102

reconstructed from hits in the Time Projection Cham-103

ber (TPC) [] while the transverse energy (ET ) of neutral104

hadrons is included by measuring the energy deposited105

in the Barrel Electromagnetic Calorimeter (BEMC) [],106

which has a tower size of 0.05 × 0.05 in azimuth ϕ and107

pseudorapidity η. To avoid double-counting, the energy108

deposited by charged hadrons in the BEMC is accounted109

for by full hadronic correction, in which the transverse110

momentum of any charged-particle track that extrapo-111

lates to a tower is subtracted from the transverse energy112

of that tower. Tower energies are set to zero if they would113

otherwise become negative via this correction. Both the114

TPC and the BEMC uniformly cover the full azimuth115

and a pseudorapidity range of η < 1.116

Events were selected by an online jet patch trigger in117

the BEMC, which required an uncorrected sum patch118

ADC value above a certain threshold, corresponding to119 ∑
ET > 7.3 GeV, in one of 18 partially overlapping120

1.0 × 1.0 in (η, ϕ) groupings of towers. Events are re-121

stricted to have a primary vertex position along the beam122

axis of vz ≤ 30 cm. All charged-particle track and tower123

selections are consistent with previous publications with124

this dataset from STAR and available in [21].125

Analysis methods At the first split, the observables are126

represented in a three-dimensional space defined by the127

distributions of zg vs. Rg vs. jet pTṪhese distribu-128

tions are unfolded using the Iterative Bayesian unfold-129

ing method [28]. The detector response is estimated via130

PYTHIA 6 (Perugia 2012 tune [29] and further tuned to131

STAR data [30]) events passed through a GEANT3 sim-132

ulation of the STAR detector. These simulated events are133

embedded into zero-bias pp data and the resulting events134

are analyzed in a similar fashion to the real data. Jet135

matching is performed by requiring the angular distance136

between jets to satisfy ∆R < 0.4.137

Since the splits are identified at the detector level, de-138

tector effects on the jet clustering tree could destroy the139

split hierarchy, i.e. splits at the particle level can be140

lost or mis-categorized in the detector-jet clustering tree,141

along with the addition of fake splits arising from par-142

ticles of uncorrelated sources, such as interactions with143

detector material. To correct the split hierarchy, we in-144

troduce an additional matching requirement of the splits145

based on the initiator prong at the particle and detector-146

level via ∆R(initiatordet,part) < 0.1 to build a hierar-147

chy matrix with particle-level splits on the x−axis and148

detector-level splits on the y−axis. The hiererchy ma-149

trix of the splits is an established procedures in similar150

measurements of the LP across various systems.151

The systematic uncertainties follow the same proce-152

dure outlined in [21], and are broadly grouped into two153

categories: detector performance and analysis procedure.154

The former sources of uncertainties constitute variations155

of the tracking efficiency by ±4% and tower energy scale156

by ±3.8%. The systematic uncertainty due to the analy-157

sis procedure includes hadronic correction, i.e. correcting158

100% to 50% of the matched track’s momentum from a159

tower’s energy to avoid double counting of energy depo-160

sitions. Uncertainty due to the unfolding procedure is161

taken as the maximal envelope of variations in the itera-162

tion parameter and shape uncertainties arising from the163

prior (varied by the differences to PYTHIA 8 [31] and164

HERWIG 7 [32]). Lastly, the split matching criterion is165

varied by ± 0.025 and the consequent variation to the166
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FIG. 1. Fully corrected zg distributions for three bins (see leg-
end) for jets with transverse momentum pT,jet = 20–30 GeV/c
and R = 0.4 in pp collisions at

√
s = 200 GeV. The data are

also compared with Monte Carlo generators PYTHIA and
HERWIG (see legend).

fully corrected result is taken as a shape uncertainty.167

Results - Correlations at the first split168

In Figure 1, the fully corrected iterative SoftDrop zg169

distributions at the first split along the parton shower are170

displayed for jets with transverse momentum pT,jet = 20–171

30 GeV/c reconstructed with the resolution parameter172

R = 0.4. The distributions are shown separately for173

three distinct Rg bins, and the bands surrounding the174

data points represent systematic uncertainties. The data175

reveal a strong dependence of zg on the Rg value. For176

small Rg values (Rg = 0 – 0.15), the corresponding zg177

distribution is essentially flat implying equal probabil-178

ity for selection of hard or soft splittings. Consequently,179

larger Rgvalues Rg = 0.15 – 0.3 and Rg = 0.3 – 0.4 the zg180

distributions gradually regains its pQCD inspired steeply181

falling shape with enhanced probabilities at small zg val-182

ues, suggesting a preference for softer wide-angle split-183

tings as the first emissions along the jet shower.184

These distributions are also compared with leading-185

order Monte-Carlo generators with different implemen-186

tations of parton shower and hadronization mechanisms.187

The models considered include PYTHIA 6 with the188

STAR Perugia tune, PYTHIA 8 with the Monash tune189

based on LHC data, and HERWIG 7 with a modified UE-190

EE-4-CTEQ6L1 tune with the reference energy for un-191

derlying event estimation set to RHIC. While PYTHIA192

utilizes either kT or pT ordering, HERWIG employs193

an angular-ordered parton shower. For hadronization,194

PYTHIA utilizes the Lund string model, while HERWIG195

employs the cluster model. All three MC models capture196

the overall trend of the data well indicating a consistent197

trend of harder splits arrising from narrower emissions.198

Results - Splittings along the jet shower199

In Figure 2, we report the fully corrected iterative Soft-200

Drop zg (top) and Rg (bottom) distributions for the first,201

second and third splits along the jet clustering tree. As202

before the distributions are reported for jets with trans-203

verse momentum pT,jet = 20–30 GeV/c (left) and 30–204

50 GeV/c (right) reconstructed with the resolution pa-205

rameter R = 0.4 and the systematic uncertainties are206

represented by bands around the respective data points.207

We observe a significant modification of the shape of zg208

and Rg distributions as we travel along the jet shower209

from the first to the third split due to a constriction of210

the available phase space for radiations. While at the211

first split, the zgdistribution is increasing steep at low zg212

values, at later splits it starts to flatten. The Rg conse-213

quently shows that with increasing number of the split214

along the parton shower, we observe narrower distribu-215

tions with their peak position shifts toward smaller Rg216

values. Such an evolution can be connected to the jet’s217

virtuality and its subsequent evolution from hard scat-218

tering scale (Q2) to the hadronization scale (ΛQCD).219

Comparison of the data with leading order MC event220

generators again demonstrates an overall qualitative221

agreement with the data albeit slight differences at the222

first split exist which are reduced for the second and third223

splits.224

This measurement serves as evidence for a significant225

correlation between the shape of the splitting fractions226

and the opening angles within jets or the split num-227

ber with a consistent quantitative picture emerging of228

jet structure where later splits are narrow and harder in229

energy while early splits are wider and softer.230

Conclusions We have presented for the first time 3D231

corrected SoftDrop groomed studies of zg vs. Rg dis-232

tributions for jets produced in pp collisions at 200 GeV233

at RHIC at the first split, and the distributions of zg234

and Rg for the first, second, and third splits, respec-235

tively. Notably, we observe a striking resemblance be-236

tween the trends of the zg distribution at the first split237

with small Rg and the zg distribution at the third split238

which is consistent with angular ordering. Flattening of239

the zg distribution is also indicative of enhanced correc-240

tion to pQCD style description of vacuum splits. Armed241

with this knowledge, one can select specific topologies242

of jets with predominantly earlier or later splits and fa-243

cilitate a multi-prong comparison of data with varying244

MC generators with different perturbative (parton show-245

ers) and non-perturbative (hadronization, multi-parton246

interactions) implementations to highlight the transition247

between the two regions of the jet shower. This technique248

opens up the exciting possibility of space-time tomogra-249

phy in AA collisions and enables differential measure-250

ments of jet energy loss for specific substructure.251
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FIG. 2. Fully unfolded zg (top) and Rg (bottom) distributions for different splits (see legend) of jets with transverse momentum
pT,jet = 20–30 GeV/c (left) and 30–50 GeV/c (right) for R = 0.4 in pp collisions at

√
s = 200 GeV. The data are also compared

with Monte Carlo generators PYTHIA and HERWIG (see legend).
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