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ABSTRACT

In this letter, measurements of the shared momentum fraction (zg) and the groomed jet radius (Rg),
as defined in the SoftDrop algorithm, are reported in p+p collisions at /s =200 GeV collected by the
STAR experiment. These substructure observables are differentially measured for jets of varying resolution
parameters from R =0.2 — 0.6 in the transverse momentum range 15 < prjer < 60 GeV/c. These studies
show that, in the prje range accessible at /s =200 GeV and with increasing jet resolution parameter
and jet transverse momentum, the zg distribution asymptotically converges to the DGLAP splitting kernel
for a quark radiating a gluon. The groomed jet radius measurements reflect a momentum-dependent
narrowing of the jet structure for jets of a given resolution parameter, i.e., the larger the pr e, the
narrower the first splitting. For the first time, these fully corrected measurements are compared to Monte
Carlo generators with leading order QCD matrix elements and leading log in the parton shower, and
to state-of-the-art theoretical calculations at next-to-leading-log accuracy. We observe that PYTHIA 6
with parameters tuned to reproduce RHIC measurements is able to quantitatively describe data, whereas
PYTHIA 8 and HERWIG 7, tuned to reproduce LHC data, are unable to provide a simultaneous description
of both zg and Rg, resulting in opportunities for fine parameter tuning of these models for p+p collisions
at RHIC energies. We also find that the theoretical calculations without non-perturbative corrections are
able to qualitatively describe the trend in data for jets of large resolution parameters at high prjet, but
fail at small jet resolution parameters and low jet transverse momenta.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Jets are well-established signals of partons, i.e. quarks and glu-
ons, created in the high Q2 scatterings between partons of incom-
ing beams during high energy hadron collisions [1]. These hard
scattered partons, produced at high virtuality, evolve via a parton
shower undergoing splitting/branching, and end in hadronization
which results in a collimated stream of particles that are then
clustered into jets. Jets have played a prominent role as an inter-
nal probe of partonic energy loss mechanisms in the quark-gluon
plasma created in heavy-ion collisions. Refer to [2] and [3] for re-
cent reviews of the experimental measurements and theoretical
calculations on jet quenching. An important prerequisite of such
studies is the measurements of differential jet yields and jet prop-
erties related to the shower evolution and hadronization. The pro-
duction of hard scattered partons is governed by 2 — 2 quantum
chromodynamics (QCD) scattering at leading order (LO) and 2 — 3
at next-to-leading order (NLO). These production cross-sections for
quarks and gluons can be calculated from convolutions of QCD ma-
trix elements and Parton Distribution Functions (PDFs) [4], which
are extracted using fits to experimental measurements, including
but not limited to jet cross-sections at various kinematics. Given
a hard scattered parton, the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) splitting kernels [5-7] describe its evolution and
fragmentation based on perturbative quantum chromodynamics
(pQCD). At LO, the splitting probabilities of a parton in vacuum
depend on the momentum fraction of the radiated gluon and the
corresponding angle of emission. Due to the double logarithmic

structure of the splitting kernels and color coherence in QCD, the
evolution is expected to follow an angular or virtuality ordered
shower. Such an ordering implies that the earliest splittings are
wide in angle and harder (referring to a high momentum radiated
gluon). Collinear softer splittings on the other hand take place later
during parton shower evolution. Therefore, the splitting probabil-
ity can be described by two observables: the split's momentum
fraction and its angle with respect to the parton direction. The pri-
mary focus of this letter is to study QCD and parton evolution in
p+p collisions at RHIC. We establish a quantitative description of
jet substructure that can serve as a reference for comparison to
similar measurements in heavy-ion collisions where jet properties
are expected to be modified due to jet quenching effects.

In this letter, we present fully corrected measurements of
the SoftDrop [8-10] groomed momentum fraction (zg) and the
groomed jet radius (Rg) in p+p collisions at center-of-mass en-
ergy /s =200 GeV. In vacuum, these measurements offer a corre-
spondence to the DGLAP splitting functions during parton shower
evolution. These observables are related to the modified mass drop
tagger or SoftDrop grooming algorithm, used to remove soft, wide-
angle radiation from sequentially clustered jets. This is achieved by
recursively de-clustering the jet’s angular-ordered branching his-
tory via the Cambridge/Aachen (C/A) clustering algorithm [11,12],
which sequentially combines nearest constituents, i.e., those lo-
cated closest in angle. Subjets are discarded until the transverse
momenta, pr; and prp, of the subjets from the current split-

min(pr,1,Pt,2) Rg\?
~ridor, > Zcut <7g )

ting fulfill the SoftDrop condition, z; = TEESTE
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where Rg is the groomed jet radius, the distance defined in
pseudorapidity-azimuthal angle (n — ¢) space between the two
surviving subjets and R is the jet resolution parameter. This anal-
ysis uses B =0 and a momentum fraction cut of zcy = 0.1 [9]
to determine if a subjet at a given clustering step survives the
grooming procedure. The z. parameter is introduced to reduce
sensitivity to non-perturbative effects arising from the underlying
event and hadronization [9,13]. It has been shown that for such a
choice of z¢,: and 8, along with the usage of the C/A algorithm for
de-clustering, the distribution of the resulting zg converges to the
vacuum splitting probability for z > z¢y in a “Sudakov-safe” man-
ner [10], i.e,, independent of the strong coupling constant (&) in
the ultraviolet (UV) limit and under the fixed coupling approxima-
tion. Since the splitting kernels are defined to be independent of
the momenta of initial partons, the UV limit corresponds to a jet
of infinite momentum.

The SoftDrop zg was first measured by the CMS collaboration
in p+p and Pb+Pb collisions at ./syy = 5.02 TeV at the LHC for
jets with prjer > 140 GeV/c [14]. As the measurements are not
corrected for smearing due to detector effects and resolution in
Pb+Pb, results from Monte Carlo (MC) generators, such as PYTHIA
6 [15], PYTHIA 8 [16] and HERWIG++ [17,18], are convoluted with
detector effects to make meaningful comparisons. Due to the gran-
ularity of the CMS hadronic calorimeter, a Rg > 0.1 threshold was
enforced which consequently introduced a bias towards wider jets
in the study [19]. A recent measurement from ATLAS [20] pro-
ceeded to fully unfold the SoftDrop observables for both track
and calorimetric jets. It was shown that event generators, with
parameters tuned to LHC data, generally reproduce the trend in
p+p collisions, but, neither PYTHIA 8 nor HERWIG 7 were able
to quantitatively describe the measurements within systematic un-
certainties. Jets produced in large center-of-mass energy and high
luminosity collisions at the LHC have increased sensitivity to multi-
parton interactions and pileup, as compared to those at RHIC. On
the other hand, due to their large jet pt, the measurements have
typically small hadronization corrections and higher-order power
corrections [21,22] due to a small «s.

The p+p collisions at RHIC provide a complementary environ-
ment to study jet structure and parton evolution. Due to the re-
duced center-of-mass energy (200 GeV as compared to 5.02 or
13 TeV), the study offers further insights regarding jet evolution
by exploring different contributions of NLO effects and hadroniza-
tion. Jets in the transverse momentum range accessible at RHIC
energies are more susceptible to non-perturbative effects such as
hadronization effects by virtue of their lower momenta. Some
of these effects are mitigated by the SoftDrop grooming proce-
dure [21]. In comparing jets at similar kinematics between RHIC
and the LHC, it is important to note the significant difference in
the quark vs. gluon fractions with the former biased towards quark
jets and the latter towards gluon jets, respectively.

Jets used in this analysis are minimally biased since no addi-
tional selections are applied to the angular threshold. The mea-
surements are fully corrected for detector response via a two-
dimensional unfolding procedure. Thus in this letter, for the first
time we present fully corrected jet substructure measurements
at RHIC that are complementary to LHC measurements. Addition-
ally, they serve as a crucial baseline for tuning event generators,
validating state-of-the-art theoretical calculations of jet functions,
and for using these measurements to determine medium effects in
heavy-ion collisions.

2. Experimental setup and jet reconstruction
The data analyzed in this letter were collected by the STAR ex-

periment [23] in p+p collisions at /s =200 GeV in 2012. STAR
is a cylindrical detector with multiple concentric layers of detec-
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tor components, including the Time Projection Chamber (TPC) [24]
and a Barrel ElectroMagnetic Calorimeter (BEMC) [25], both of
which are enclosed in a 0.5 T solenoidal magnetic field. Candidate
collision vertices are reconstructed with charged particle tracks
from the TPC. To minimize pileup events and to ensure uniform
detector acceptance, only the highest quality primary vertex in
each event is selected, and its position along the beam axis is re-
quired to fall within |zyertex| < 30 cm from the center of the STAR
detector.

Jet finding in this analysis utilizes both the charged particle
tracks from the TPC and calorimeter towers from the BEMC. Tracks
are required to have more than 52% of possible space points mea-
sured in the TPC (up to 45), a minimum of 20 measured space
points, a distance of closest approach (DCA) to the primary ver-
tex less than 1 cm, and |n| < 1. The transverse energies (Et) of
electrons, positrons and photons both directly produced and orig-
inating from decays of neutral hadrons, are extracted from the
BEMC towers with a granularity of 0.05 x 0.05 in n — ¢. The
BEMC covers full azimuth within |n| < 1. Energies deposited by
charged particles in the BEMC, including electrons and positrons,
are accounted for through a 100% hadronic correction, i.e., the
transverse momenta of any charged tracks that extrapolate to a
tower are subtracted from the tower Et. Tower energies are set
to zero if they become negative after this correction. Events con-
taining tracks with pt > 30 GeV/c were not considered due to the
poor momentum resolution for such almost straight (low curva-
ture) tracks in the TPC. For consistency, events with BEMC towers
above the same threshold were likewise rejected.

Events were selected online by a BEMC trigger utilizing a patch
of calorimeter towers. The BEMC is split into 18 partially overlap-
ping patches, called Jet Patches (JP), covering 1.0 x 1.0 in ¢ — 1. To
fulfill the JP requirement, the combined raw ADC counts in at least
one of the patches is above a certain threshold corresponding to
> ET.Tower > 7.3 GeV. With these aforementioned requirements on
event selection, we select and analyze about 11 million triggered
events.

Towers and charged tracks with 0.2 < E1 (pr) < 30.0 GeV
(GeV/c) are clustered into jets using the anti-kt algorithm from the
FastJet package [26]. Jets are reconstructed with varying resolution
parameters, R = 0.2, 0.4 and 0.6, and within |7/€f| <1 — R to avoid
partially reconstructed jets at the edge of the acceptance. Jets are
also required to have no more than 90% of their energies provided
by the BEMC towers to ensure good quality. This requirement re-
jects 3.4% of the reconstructed jets with the effect predominantly
occurring at prjer ~ 15 GeV/c. The fully reconstructed jets that
pass the SoftDrop criteria are then considered for the study.

3. Detector simulation and unfolding

In order to study the response of the STAR detector to jet sub-
structure observables, p+p events at /s =200 GeV are generated
using the PYTHIA 6.4.28 [15] event generator with the Perugia
2012 tune and CTEQ6L PDFs [27]. The PYTHIA 6 version used in
this analysis was further tuned to match the underlying event
characteristics as measured by STAR in a recent publication [28].
These generated events are then passed through a GEANT 3 [29]
simulation of the STAR detector and embedded into zero-bias data
from the same p+p run period to account for pileup contributions.
For the simulated events including detector effects, identical analy-
sis procedures including event and jet selection criteria mentioned
in Sect. 2 are applied. Jets that are found from PYTHIA 6 simu-
lations before and after the embedding procedures are hereafter
referred to as particle-level and detector-level jets, respectively. Jet
finding at the particle level includes weak-decaying mother par-
ticles, and their subsequent decays are simulated and the decay
products are included in the detector-level jets as in real data anal-
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Fig. 1. Detector-level jet p?.ejtet from PYTHIA 6 + GEANT 3 simulation for STAR de-
tector versus PYTHIA 6 particle-level jet p?a.rett for R =0.4 jets. The data points and

t
the error bars represent the mean pgf’j‘et and the width (RMS) for a given pyjg; se-
lection.
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Fig. 2. Detector resolutions shown as the ratio of the detector-level to the matched
particle-level SoftDrop observables z; (left) and Rg (right) for R = 0.4 jets with

various selections of pgejtet.

ysis. The STAR detector response to a jet is estimated by comparing
the properties of a PYTHIA 6 particle-level jet with its geometri-
cally matched detector-level jet based on the following matching
criterion, /(An)2 4+ (A¢)?2 < R, where the A refers to the dif-
ference between the detector- and particle-level jets in the same
event and R is the jet resolution parameter. With our jet quality
selections, we have about 2% of detector-level jets with p‘jIet >15
GeV/c that cannot be matched to particle-level jets. On the other
hand, the jet finding efﬁciency for particle-level jets varies within
80-94% for 15 < p?iret < 60 GeV/c. The two dimensional pr jer re-
sponse matrix for R = 0.4 jets is shown in Fig. 1. We find that

due to detector effects the mean p%ejtet (shown in the black filled
part

markers) is significantly smaller than the corresponding p; et For
the jet substructure observables, the detector response is shown
in Fig. 2, quantified by the ratio of detector-level jet quantity to
the matched particle-level jet quantity for a variety of p%jtet selec-
tions. Cases where one of the jets (matched detector- or particle-
level jet) does not pass the SoftDrop criterion are shown in the
first bin on the x-axis in the left panel of Fig. 2. The ratios are
peaked at unity and independent of p%?jtet, which facilitates correct-
ing the measurements for detector effects via a two-dimensional
(e.g., prjet and zg) unfolding procedure.

For anti-kt, R = 0.4 jets with 20 < prjet < 25 GeV/c, the tuned
PYTHIA 6 (blue solid line), PYTHIA 64+GEANT 3 simulation (blue
open circles) and uncorrected data (filled black stars) distributions
are shown in Fig. 3 for zg on the left and Ry on the right. The bot-
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of MC to raw data.

tom panels show the ratio of simulation to data where we observe
a good agreement between detector-level simulation and data. In
comparing the particle-level and detector-level PYTHIA 6 distri-
butions, we see small but statistically significant differences due
to the detector response which we correct for via an unfolding
method described below.

The SoftDrop zg; and Rg distributions in this analysis are un-
folded to the particle level to correct for detector effects including
smearing and bin migration. The detector response for substruc-
ture observables peaks at unity and is independent of prjet, as
shown in Fig. 2, and the resulting four-dimensional (i.e., detector-
and particle-level prjer and zg or prjer and Rg) response matrix
is utilized in the correction procedure. Two-dimensional Bayesian
unfolding [30] is performed to take into account non-diagonal bin-
to-bin migrations both in jet pt and SoftDrop observables, using
the tools available in the RooUnfold package [31] with four itera-
tions as the default parameter. As a consequence of the detector
simulation reproducing the uncorrected data as shown in Fig. 3
and the resolutions for the SoftDrop observables being relatively
narrow and independent of prjer as shown in Fig. 2, the unfold-
ing procedure converges and is numerically stable. The priors in
the unfolding procedure are taken from the PYTHIA 6 simulation
and their variations are studied as a source of systematic uncer-
tainty.

4. Systematic uncertainties

There are two main categories of systematic uncertainties con-
sidered in this analysis. The first is related to the reconstruction
performance of the STAR detector, including the uncertainty on the
tower gain calibration (3.8%) and the absolute tracking efficiency
(4%). The other source of systematic uncertainty is due to the anal-
ysis procedure, i.e., the use of hadronic correction (as described in
Sec. 2) and the unfolding procedure. The correction to the tower
energy, based on the momenta of the matched tracks, is varied by
subtracting half of the momenta of the matched tracks from their
corresponding tower E1. With regards to the unfolding procedure,
the uncertainties include the variation of the iteration parameter
from 2-6 with 4 as the nominal value, and a variation of the input
prior shape for zg, Rg and pr individually by using PYTHIA 8 and
HERWIG 7. We estimated the effect of different sources on the final
results by varying the detector simulation, following the same un-
folding procedure and comparing to the nominal result. Since we
are reporting self-normalized distributions, the luminosity uncer-
tainty for the given data taking period is not considered. The total
systematic uncertainties for the z; and Ry measurements, calcu-
lated by adding individual sources in quadrature, are presented in
Table 1 and 2 for R =0.4 jets in the range 20 < prjet < 25 GeV/c.
For both measurements, the largest systematic uncertainty results
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Uncertainties on the SoftDrop z; measurement for R = 0.4 jets with 20 < prjer <25 GeV/c

as a representative jet sample.

Source / Hadronic Tower Tracking Unfolding Total

Range in zg Correction Gain Efficiency

[0.10, 0.15] 0.4% 2% 1.7% 2.9% 3.9%

[0.25, 0.30] ~ 0% 2.3% 1.5% 5.2% 5.8%

[0.45, 0.50] 0.6% 1.6% 1.9% 6.8% 7.3%
Table 2

Uncertainties on the SoftDrop Ry measurement for R = 0.4 jets with 20 < pyjer < 25 GeV/c

as a representative jet sample.

Source / Hadronic Tower Tracking Unfolding Total
Range in Rg Correction Gain Efficiency

[0.10 - 0.15] 2% 2.2% 5.6% 7.6% 9.9%
[0.20 - 0.25] 0.5% 11% 0.2% 1.9% 2.2%
[0.30 - 0.35] 1.6% 2.8% 2.6% 9.1% 10%
[0.40 - 0.45] 8.4% 2.7% 20.6% 40.3% 46.15%

from the unfolding procedure. The total systematic uncertainties
for these SoftDrop observables decrease slightly as the jet resolu-
tion parameter increases.

5. Results

The fully corrected z; and Rg; measurements are compared to
leading order event generators, PYTHIA 6, PYTHIA 8 and HERWIG
7. Since PYTHIA 6 events include weak-decaying mother particles
at the particle level, we generate PYTHIA 8 and HERWIG 7 events
with the same requirement. We note that for the observables dis-
cussed in this letter, we do not observe a significant difference
between including these mother particles or their decay daugh-
ters. The parton shower implementations are different amongst
the models, with PYTHIA 6 and PYTHIA 8 featuring virtuality or-
dered shower in contrast to HERWIG 7 with angular ordering. The
showers in all three models are however leading-log with all or-
der shower expansion. The description of the underlying event in
PYTHIA 6 is based on the Perugia 2012 tune [32] and further tuned
to match data from RHIC, whereas PYTHIA 8 uses the Monash 2013
tune which was based on the LHC data [33]. The HERWIG 7 calcu-
lations use the EE4C underlying event tune [34].

The fully corrected z; measurements for jets of varying pr jet
are compared to MC predictions as shown in Fig. 4. In addition,
we show the DGLAP splitting function at leading order for a quark

emitting a gluon, with the functional form 0.313% + M)

as the red dashed lines where z is defined as the radiated object’s
energy fraction with respect to the original parton. The different
panels present results for jets varying from low prje in the top
middle to high pr jer in the bottom right. We observe a more sym-
metric splitting function (larger mean zg or, consequently, a flatter
shape) at lower prjer that gradually tends towards a more asym-
metric function (smaller mean zg) at higher prjer. The measure-
ments also indicate a pr jei-independent zg shape slightly steeper
than the theoretical limit around prjer > 30 GeV/c within our
kinematic range. With symmetric splitting functions, the proba-
bility to radiate a high-z gluon is enhanced as opposed to an
asymmetric splitting function dominated by low-z emissions. This
evolution from a symmetric to asymmetric splitting function with
increasing pr jet is consistent with the pQCD expectation that a
high-momentum parton has an enhanced probability to radiate a
soft gluon. Such behavior is captured by both angular and virtu-
ality ordered parton shower models. With default hadronization
turned on, PYTHIA 6, PYTHIA 8 and HERWIG 7 describe the quali-
tative shape as observed in these measurements. To compare more

quantitatively, the bottom panels show the ratio of the model cal-
culations to data, and the shaded red region represents the to-
tal systematic uncertainty in data. Both PYTHIA versions are able
to describe the z; measurements. However, HERWIG 7 seems to
prefer more symmetric splittings, specially for the highest pr je
ranges.

The SoftDrop Rg distributions for R = 0.4 jets are presented in
Fig. 5. They show a momentum-dependent narrowing of the jet
structure as reflected in a shift to smaller values as the jet trans-
verse momentum increases. The measured R distributions are
qualitatively reproduced by all event generators. HERWIG 7 shows
a slight tendency towards smaller Ry, while PYTHIA 8 prefers a
systematically wider Ry distribution. For R = 0.4 jets, PYTHIA 6 is
able to quantitatively describe data, whilst neither PYTHIA 8 nor
HERWIG 7 is able to explain both zg and Ry observables simulta-
neously within the experimental systematic uncertainties.

Figs. 6 and 7 show, respectively, the measurements of zg and Rg
for varying jet resolution parameter (R = 0.2, 0.4, 0.6). The top row
is for jets with 15 < pr jer < 20 GeV/c and the bottom row for jets
with 30 < prjet <40 GeV/c. Jets with smaller resolution parame-
ters and lower pr jer display stronger zg shape modifications with
respect to the ideal DGLAP splitting function, and do not reproduce
the characteristic 1/z shape seen at higher pr jec. The narrowing
of the Rg with increasing prjer becomes more significant for jets
of larger resolution parameters. The flattening of the z; shape for
jets with R =0.2 and low prjer are due to stringent kinematic
constraints on the phase space available. This interpretation is fur-
ther substantiated by the observation that the Rg distribution is
narrowing with decreasing R as seen in Fig. 7, which is a di-
rect consequence of virtuality/angular ordering and decreasing jet
finding radius. The dashed black curve shows the z; and Rg dis-
tributions from PYTHIA 8 without hadronization (parton jets). We
find that hadronization, as described in PYTHIA 8, tends to create
softer z; or more asymmetric splittings, but has very little impact
on the R observable.

Due to recent advances in theoretical calculations regarding jets
of small resolution parameters and low momenta [35,36], we can
now compare our fully corrected data to predictions at next-to-
leading-log accuracy in Fig. 8 for z; (left panels) and Ry (right
panels). The systematic uncertainty in the theoretical calculations
(gray shaded band) arises from QCD scale variations, including
the pr-hard scale, the jet scale (prjet - R) and the scales associ-
ated with the substructure observables mentioned here [35]. We
note that the systematic uncertainties for the calculations are large
for the kinematic range studied in this measurement. These pre-
dictions are for jets at the parton level without non-perturbative
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corrections. The calculations for zy significantly deviate from data
for jets of smaller resolution parameters and lower pr, with the
agreement getting better as the jet R and pr increase. On the
other hand, the predictions for the R; show large discrepancies
with data for all of the jet resolution parameters and momenta ex-

cept for the largest resolution parameter and highest prjex where
the shape gets closer to the data. These comparisons highlight the
need for more realistic calculations, including corrections arising
from non-perturbative effects and higher-order corrections to fur-
ther quantitatively understand the jet substructure.
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6. Summary

In summary, we presented the first fully corrected SoftDrop zg
and Rg measurements for inclusive jets produced in p+p collisions
at /s =200 GeV of varying resolution parameters in the range
15 < pr1jer < 60 GeV/c. The zg distribution converges towards an
approximately pr jec-independent shape above 30 GeV/c which is
slightly more asymmetric than the ideal DGLAP splitting function.
On the other hand, the R; distribution shows a narrowing with in-
creasing pr jer. We observe that at lower transverse momenta, jets
are more likely to have a wider substructure with more symmetric
splitting within the jet. The RHIC-tuned PYTHIA 6 is able to repro-
duce both jet substructure observables, while PYTHIA 8 and HER-
WIG 7 are unable to simultaneously describe both scales of the jet
evolution. The impact of the hadronization process is investigated
using PYTHIA 8. We note that at small jet resolution parameters
and low prjer, the zg is sensitive to hadronization effects result-
ing in a significant enhancement of asymmetric splitting, whereas
for larger resolution parameters, 0.4 and 0.6, the effect is moder-
ate and only results in a minor change towards more asymmetric
splitting. On the other hand, the SoftDrop Ry is observed to be less
sensitive to hadronization. We also showed comparisons to the-
oretical calculations at jet scales closer to the fundamental QCD
scale, i.e., for jets with small momenta. Such comparisons to data
highlight the need for continued theoretical studies into the exact

interplay between measured hadronic jet substructure observables
and the underlying partonic splitting at RHIC energies. These stud-
ies offer a unique opportunity to further tune MC event generators
and for understanding higher order effects on jet evolution at RHIC
kinematics.
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