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Abstract

Studying the interplay between jets originating from high-energy partonic scatterings and
soft or low-energy particle production in the transverse region probes multi-parton interactions
and initial- and final-state radiation in p 4 p collisions. The transverse energy density in the
underlying event (UE) is measured as a function of leading jet transverse momentum (pr) in
p + p collisions at /s = 200 GeV using the sSPHENIX detector, for both inclusive jet and dijet
selections. A consistent decrease of the UE transverse energy density with increasing jet pr is
observed in both cases. The results are compared to predictions from PyTHIA8 and HERWIG7,
which implement different approaches in both the perturbative and non-perturbative sector.
PytHIAS reproduces the observed trend, while HERwIGY predicts an approximately constant
UE activity in the reported region, significantly diverging from the data at high jet pr.
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1 Introduction

In high-energy proton-proton collisions, hard partonic scatterings produce jets, while additional
soft activity arises from multiple parton interactions (MPI), initial- and final-state radiation
(ISR/FSR), and contributions from the hadronization of beam remnants and their associated color
connections [1, 2, 3, 4]. This soft component, referred to as the underlying event (UE), can be
studied as a function of the hard scattering scale, for example using the leading jet transverse
momentum (pr), providing insight into the interplay between the hard process and the underlying
soft particle production. In this analysis, the UE is quantified using calorimetric measurements
of energy deposits, clustered into topological clusters (topoclusters). Such measurements are
essential for understanding how soft activity evolves with the energy scale of the interaction [5, 6]
and, critically help in constraining models of soft particle production associated with jets in
proton—proton collisions (p + p).

In a simplified picture, higher-Q? scatterings are expected to produce increased UE activity
through enhanced radiation [7] and a greater likelihood of multiple parton interactions associated
with more central proton—proton overlap [1, 8]. However, this expectation may be modified at
lower collision energies, where phase space for radiation is reduced with high pr jet production.
Regardless of the underlying dynamics, at sufficiently high jet energies, energy conservation alone
provides an inescapable mechanism that would reduce particle production in the UE. Measure-
ments at the Relativistic Heavy Ion Collider (RHIC) therefore provide a unique opportunity to
test the extent to which soft particle production follows or deviates from this well-defined picture
at the Large Hadron Collider (LHC) collision energies [9, 10, 11].

To study the UE as a function of the hard scattering, jet events are characterized using the event
shape first introduced by the CDF experiment [12]. The azimuthal plane is divided into “towards,”
“away,” and “transverse” regions relative to the leading jet direction, with the transverse region
providing sensitivity to UE activity. Figure 1 illustrates this event geometry, showing the azimuthal
segmentation relative to the leading jet axis.

Previous measurements at RHIC have shown that the UE activity in inclusive jet events exhibits
a weak or decreasing dependence on the hard scale [13, 14], in contrast to measurements at the
LHC, where the UE typically increases with the leading jet pr [9, 10, 11]. This difference can be
explained in part by the larger phase space available for ISR and FSR at higher beam energies,
as well as a kinematic coupling of the hard and soft scales arising due to energy-momentum
conservation effects that redistribute energy across different rapidity regions [15, 16]. When a dijet
selection is imposed, LHC measurements show a reduced or slightly negative dependence of the
UE on the hard scale, similar to observations at RHIC [13]. These results highlight the sensitivity
of UE observables to both collision energy and event selection.

The high-statistics p + p dataset collected by the sPHENIX [17] experiment during RHIC Run
2024 enables measurements of jet observables up to large leading jet pr at RHIC [18]. This
dataset extends current measurements of correlations between jet production and UE, to events
involving large parton momentum fractions (up to x ~ 0.6). This measurement reports the UE in
the transverse region for leading jet pr range of 21-63.5 GeV using a sample of p + p collisions
corresponding to an integrated luminosity of approximately 34 pb~!.

In this note, the UE is reported as a function of leading jet pr in both inclusive jet and dijet events,
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Figure 1: Schematic of “towards”, “transverse”, and “away” regions of jet event where regions are
defined by their |A¢| with respect to the leading jet ¢.

allowing for a direct comparison of event selection effects. The results are further compared to
predictions from event generators such as PyTHIAS [19, 20] and HErRwIG7 [21, 22], which employ
different approaches to modeling the interplay between multi-parton interactions, parton showers,
and hadronization mechanisms.

2 sPHENIX Detector

sPHENIX [17] is a new experiment designed to measure jet and heavy-flavor probes of the quark
gluon plasma (QGP) created in Au+Au collisions at the Relativistic Heavy-Ion Collider (RHIC) [23].
In addition to its heavy-ion program, sSPHENIX carries out a high-statistics p + p program that
provides essential reference measurements for the heavy-ion results and enables a broad range
of small system and jet physics studies in its own right. The electromagnetic and hadronic
calorimeter system is crucial for measuring the energy of jets and identifying direct photons and
electrons.

Moving outwards from the beam line, sSPHENIX comprises the electromagnetic calorimeter
(EMCal) [24, 25], the inner hadronic calorimeter (IHCal) [25], the 1.4 T superconducting solenoid
magnet [26], and the outer hadronic calorimeter (OHCal) [25]. These detectors have full azimuthal
coverage and span |y7| < 1.1 in pseudorapidity. sPHENIX also includes a number of forward
detectors, namely the Minimum Bias Detectors (MBD) formerly known as the PHENIX Beam-Beam
Counters [27, 28], the SPHENIX Event Plane Detectors (sEPD), and the Zero Degree Calorimeters
(ZDC) which include the Shower Maximum Detector (SMD).

The sPHENIX EMCal [24, 25] is 20.1 radiation lengths deep and is designed to measure photons,
electrons, and positrons via electromagnetic showers. The sPHENIX EMCal is a sampling
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calorimeter made of a tungsten powder absorber and scintillating fibers with tower size Ay x A¢p =
0.024 x 0.024. The light from the scintillating fibers is collected by a light guide and converted
into a charge signal by silicon photomultipliers (S5iPMs), which is subsequently amplified into
a voltage signal by the readout electronics. The EMCal also measures 0.83 hadronic interaction
lengths in depth and therefore records a significant fraction of hadronic shower energy on average.

The sPHENIX HCal system is designed to measure hadronic showers with the full EMCal +
HCal system totaling 4.9 hadronic interaction lengths. Both the IHCal and OHCal are sampling
calorimeters comprising aluminum (inner)/steel (outer) absorbing plates and scintillating tiles
with tower size Ay x A¢ = 0.1 x 0.1. Both IHCal and OHCal scintillating tiles are set at an angle
offset to the transverse direction to reduce the amount of channeling effect in which the traversing
particles may pass through the calorimeter only through the scintillation layer. The light from
these tiles is then detected by SiPMs [25]. The calibration and reconstruction details for the
sPHENIX EMCal and HCal follow the same procedure as outlined in Ref. [29]. sSPHENIX recently
measured the energy density across rapidity at top RHIC energy (/syn = 200 GeV) [30], with
this reference detailing the calibration and uncertainties of the calorimeter subsystems.

This analysis uses data from all three calorimeters as well as collision vertex event information
from the MBD. The MBD [28] is located at forward rapidity, 3.5 < || < 4.6, on both sides of the
interaction point, close to the beam pipe, and comprises 128 channels of photomultiplier tubes
(PMTs). The MBD is used for triggering on minimum-bias (MB) events and for collision vertex
determination. Minimum-bias events are defined here as inelastic p+p collisions satisfying the
MBD trigger requirement of at least one fired channel on either side of the interaction point.

3 Analysis Procedure

3.1 Trigger Selection

The data used in this analysis were collected in p + p collisions at /s = 200 GeV during RHIC
Run 2024 and comprises two running periods: a period with zero beam crossing angle and a wide
zyx distribution (~ 60 cm), and a period with a 1.5 mrad crossing angle and narrower distribution
(~ 20 cm). All events included in the analysis were collected under physics data-taking conditions
with the magnet on and stable detector operation. This analysis uses data combined from both
running periods with consistent results across them both. Jet events are identified using a sliding
window algorithm that scans partially overlapping regions of size Ay x A¢ = 0.8 x 0.8 across
the full calorimeter acceptance and records the maximum transverse energy (Er) deposited
across the windows within each event. The primary trigger used in this analysis corresponds to
approximately Er > 10 GeV within the window.

Additional quality requirements are imposed on the calorimeter system, including limits on cold,
dead, and hot towers, as well as constraints on the timing response of each calorimeter subsystem
to ensure stable signal reconstruction. Events are also required to have a reconstructed MBD vertex
within |zy«| < 60 cm to ensure uniform detector acceptance and calorimeter response. Finally,
to reduce contamination from pileup effects on the UE measurement, only events from running
conditions with the mean number of inelastic collisions per bunch crossing y < 0.11 were used,
limiting the overall rate of double interactions included in the final dataset. After all selections,
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the analyzed sample corresponds to an integrated luminosity of approximately 34 pb ™!, with the
pileup and zy cuts being the largest contributors to the reduction in the dataset.

3.2 Simulation Samples

Simulation samples are generated using PyTH1AS8 [19] with a RHIC-tuned parameter set constrained
by previous measurements at /s = 200 GeV [20], including both hard QCD processes and prompt
photon production. A HERwIG7 [21] simulation sample also tuned to measurements in /s = 200
GeV p + p collisions at RHIC [22] is used to study model dependence in the analysis procedure and
for direct comparison to results. The generated events are propagated through a full GEANT4 [31]
simulation of the SPHENIX detector and reconstructed using the same software chain as the data.

To provide sufficient statistical coverage across a wide range of jet transverse momenta, multiple
simulated datasets are produced with different minimum momentum transfer thresholds. These
samples cover a range in leading jet pr from 7 GeV to 85 GeV and span many orders of magnitude
in cross section. The samples are combined using weights proportional to their production cross
sections divided by the number of generated events. Each dataset contains approximately 107
events.

3.3 Event and Jet Selection

The underlying event is studied using both inclusive jet and dijet event selections. Jets are built
from inputs consisting of calorimeter towers with segmentation A¢ x Ay = 0.1 x 0.1. These inputs
include towers from the IHCal and OHCal as well as EMCal pseudo-towers combined into regions
matching the HCal segmentation.

The jet reconstruction is described in detail in [32] and is summarized here. Anti-k; [33, 34]
jets are reconstructed with radius parameter R = 0.4 without any underlying event subtraction.
Reconstruction and detector level jets are calibrated using a MC-based Jet Energy Scale (JES) and
in simulation, an additional Jet Energy Resolution (JER) smearing factor is applied to match the
resolution seen in data [32]. For both the inclusive jet and dijet event selection, the leading jet
is required to lie within |77| < 0.7, ensuring full containment within the calorimeter acceptance,
and must have a calibrated transverse momentum p2d > 21 GeV. The dijet event selection
additionally requires the presence of a second jet with pr greater than 30% of the leading jet
pr and an azimuthal separation satisfying A¢ > 37/4. This sub-leading jet is also required
to lie within |#| < 0.7. Finally, the dijet event selection requires that there be no additional jet
outside of the leading and sub-leading jets in the event with pr greater than 50% of the leading
jet pr [9]. The simulated vertex distribution is reweighted to match that observed in data and
the calorimeter noise modeling is tuned to reproduce the conditions measured during Run 2024.
These simulations are then used to construct response matrices for unfolding procedures, and to
derive the MBD vertex reconstruction efficiency.

To suppress non-collision backgrounds, such as beam-related and high-energy cosmic ray back-
grounds, additional jet quality requirements are applied. For the inclusive jet selection, these
requirements include constraints on the fraction of jet energy deposited in different calorimeter
subsystems. The fractions of jet energy deposited in the EMCal and OHCal are each required to lie
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between 10% and 9o% of the total jet energy, while the energy fraction deposited in the IHCal must
be less than 9o%. This energy fraction cut is also applied at the reconstruction level in simulation
and is corrected back to an unbiased inclusive jet distribution via the unfolding procedure, as
described in detail in Section 3.5. The unfolding accounts for detector effects through a response
matrix that includes the treatment of inefficiencies (missed truth jets) and fake reconstructed
jets. The inclusive jet selection also applies timing-based jet quality selections on the leading
jet time and correlations between the leading jet time and MBD time event-by-event. For the
dijet selection, the jet quality requirements additionally include a timing-based selection on the
time difference between the leading and sub-leading jet times. These timing cuts are designed to
remove beam-related and cosmic ray backgrounds while maintaining high signal efficiency and
purity.

The jet trigger efficiency is evaluated as a function of the reconstructed leading jet pr using a
data-driven approach. The efficiency is determined by comparing the jet yield selected with
the jet trigger to that obtained from a minimum bias sample. The resulting efficiency curve is
parameterized and used to derive event-by-event correction factors as a function of leading jet
pr. The resulting correction is 3% in events with prje,aqg = 21 GeV and < 1% for events with
PTlead = 24 GeV.

Since the requirement of an MBD coincidence at forward rapidity could modify the transverse
region XEt production, the efficiency for reconstructing a valid event vertex using the MBD is
evaluated in simulation as a function of leading jet pr and transverse region total topocluster
Er (XEt, defined below), and is found to vary by less than 5% across the measured XEt range.
Correction factors as a function of ZEt are applied to the unfolded distribution and result in an
overall ~ 1% effect on the average transverse region Et.

3.4 Topological Clustering

A topological clustering algorithm is applied to calorimeter towers to reconstruct energy deposits
from particle showers, forming topological clusters (topoclusters). Topological clustering is
designed to reconstruct particle-induced energy deposits by grouping individual calorimeter
tower signals into contiguous, three-dimensional clusters while suppressing electronic noise and
pile-up contributions. The algorithm is based on the topological clustering approach developed
by ATLAS [35], with adaptations specific to the sSPHENIX calorimeter system, and begins by
evaluating a signal-to-noise significance metric for each tower, defined as the tower’s measured
energy (Eiower) at the electromagnetic scale divided by its expected noise.

Topoclusters are then grown around towers with high significance in the following way. The
clustering has three significance thresholds, denoted {S, N, P} and defined in units of the tower
noise (Cnoise, described in Section 3.4.1), which is determined via a procedure described below.

e Seed threshold (S): Towers with |Eiower| > S - 0noise initiate clusters, with S = 4.

e Neighbor growth threshold (N): Adjacent towers with |Eiower| > N - 0noise are iteratively
added to expand the cluster, with N = 2.

¢ Peripheral threshold (P): All boundary towers bordering the neighboring towers, P = 0,

are include to capture the full shower energy while allowing positive and negative noise
contributions to cancel.
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Figure 2: Display of topocluster boundaries (colored line borders) across the EMCal (left), IHCal
(middle) and OHCal (right) calorimeter layers for a simulated p + p dijet event in PyrH1A8. Each
panel shows a rolled-out projection of the calorimeter acceptance, with the tower pseudorapidity
index i on the horizontal axis and the tower azimuthal index i¢ on the vertical axis, where iy and
i¢p denote the integer tower indices corresponding to tower center positions. Tower energies in GeV
are indicated by the fill color, with the scale shown by the color axis on the right. The dijet transverse
region for this event is shown in gray shading.

The growth procedure outwards from seed towers is iterative, with neighboring towers defined as
those adjacent in either # or ¢ within the same calorimeter layer, or overlapping in the (77, ¢) plane
across layers (EMCal, IHCal, and OHCal). Any neighboring tower satisfying the N threshold
is added to the cluster and can itself seed further neighbors, expanding the cluster until no
additional towers meet the criteria. Boundary towers at the P threshold are then included to
capture the full shower shape with minimal noise contamination. In cases where a peripheral
tower is adjacent to multiple clusters, it is uniquely assigned to a single cluster following the
cluster growth ordering, ensuring that no tower is shared between clusters. An example of
topocluster growth is shown in the distribution of topoclusters in a simulated dijet event display
(Figure 2). Importantly, this cluster formation ordering of seed, neighboring, and peripheral
towers makes topoclusters far less sensitive to noise than traditional distance-based clustering,
since isolated noise fluctuations typically fail the seed threshold, and lower-significance noise
towers are excluded unless supported by adjacent high-significance signals.

3.4.1 Topocluster resolution

The layer-dependent topocluster noise thresholds, oneise, are optimized for the calorimeter noise
conditions measured during the Run 2024 p + p data-taking period. A single noise threshold
is used across the full calorimeter acceptance: the tower-by-tower pedestal RMS values, 0ppise-
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These values are extracted from dedicated pedestal runs without collisions, with default values of
Onoise = 68.4MeV for the EMCal, 5.3 MeV for the IHCal, and 35.1 MeV for the OHCal. These values
are the maximum tower RMS for each calorimeter layer, which encompass 99.9% of the tower-by-
tower RMS values. Simulation studies of isolated single particles in minimum-bias PyTHI1AS8 events
with embedded realistic calorimeter noise are used to evaluate the reconstruction configuration.
This is done by matching truth particles to topoclusters to characterize the resulting topocluster
energy resolution. The resolution of topoclusters is studied separately for electromagnetic (EM)
particles and hadrons. For the EM case, truth particles with E > 1GeV are matched to clusters
within AR < 0.1, while for hadronic particles, truth particles with E > 3 GeV are matched within
AR < 0.2. The resolution is quantified using the relative width of the E/p ratio, where E is the
topocluster energy and p is the momentum of the matched truth particle.

For reference, in the EMCal the default threshold corresponds to approximately o0.25 MIP equiv-
alent energy, such that the seed threshold (S = 4) is close to one MIP, providing a physically
well-motivated working point for noise suppression and signal retention. Figure 3 shows the E/p
distributions for EM and hadronic particles using these thresholds. The extracted resolutions from
the Gaussian fits in Figure 3 are 13.4% for 1 GeV EM particles and 50.8% for 3 GeV hadronic parti-
cles, in good agreement with expectations from EMCal and HCal test beam measurements [24, 25].
Resolutions for thresholds shifted up and down by the average of the tower-by-tower pedestal
RMS distribution from the nominal value were also studied: the lower threshold resulted in a
broader relative width of the E/p distribution, while the higher threshold did not significantly
improve the E/p relative width and reduced the matching efficiency between truth particles and
topoclusters. These variations are used to estimate the sensitivity of the topocluster resolution to
the noise threshold.

50005 — 9 40— 71—
5 45007 SPHENIX Simulation —4+— 1GeV Isolated e” + y ] 5 400F SPHENIX Simulation —+ 3GeVisolated T ]
8 F 200 GeV Pythia8 p+p Matched Topoclusters 8 F 200 GeV Pythia8 p+p Matched Topoclusters 3
4000 + — Gaussian Fit — 350 —— Gaussian Fit 3
3500 1=0949 #0001 o = + 1=0.463 +0.006 E
F 0=0.128 +0.001 3 300 0=0235 £0008
3000 — = E
E B 250 -
2500 = F E
F E 200 =
2000 E g E
1500 3 150 E
1000 E 1005 E
500 : 50 .
O S \ o E . il S== N
0 0.5 1 1.5 2 -0.5 0 0.5 1 1.5
Elp Elp

(a) EM particles (E > 1GeV, AR < 0.1) (b) Hadrons (E > 3GeV, AR < 0.2)

Figure 3: E/p distributions for EM particles(left) and hadrons (right) using the optimal topocluster
noise thresholds for Run 2024 p + p noise conditions. The distributions are shown for isolated single
particles in Minimum-Bias p 4 p PyTHIA8 + GEANT4 simulation events.
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3.4.2 Topocluster Energy Distribution

The mean total transverse energy density in the transverse region, (ZE7/d1d¢), is constructed by
summing the Er from topoclusters with E > —1 GeV in the transverse region, 77/3 < A¢ < 271/3
from the leading jet, and across the full calorimeter region || < 1.1. This quantity is first measured
at the reconstruction level for inclusive jet and dijet events passing all jet quality cuts and using the
kinematic and event selections outlined in Section 3.3. The topocluster energy cut of E > —1 GeV
is applied to eliminate large noise and out-of-time pileup contributions but allow the contribution
from negative-energy fluctuations to cancel with positive-energy fluctuations. Reconstruction-
level comparisons between data and simulation are performed to validate the modeling of the
detector response to both jet and underlying event observables. Figure 4 directly compares
the reconstruction-level topocluster XEr/d1d¢ distributions between data and simulation events
from the PyTHI1A8 + GEANT4 production for the transverse region. In general, good agreement is
observed in the shape of the total transverse energy density distributions, XEt/1d¢, reconstructed
from topoclusters across all event regions, providing confidence in the use of the simulation to
derive detector corrections.

Pileup effects are evaluated by studying the relationship between the run-by-run in-time pileup
rate, determined from the minimum-bias collision rate, and the average transverse region total
Et, which exhibits an approximately linear increase with pileup rate at low pileup. A pileup
correction obtained from the slope of a linear fit to dijet events is applied to the reconstructed
transverse region E7 prior to unfolding, and is found to be consistent with a correction derived
from inclusive jet events. This pileup correction changes the scale of the mean reconstructed Er in
the transverse region by ~ 2.5% across all leading jet pr bins in both the dijet and inclusive jet
samples indicating a non-negligible, but modest, effect on the UE measurement.

3.5 Unfolding Procedure

To correct for detector effects and extract particle-level observables, a two-dimensional unfolding
procedure is performed for leading jet pr and transverse region LEr simultaneously. This
unfolding accounts for bin migration effects arising from finite detector resolution in both jet pr
and calorimeter Et and maintains correlations between the jet pr and calorimeter E7 information.

The particle-level jets are reconstructed from stable final-state particles using the anti-kr algorithm
with radius parameter R = 0.4. The particle-level leading jet is required to have pr > 21 GeV and
is matched event-by-event to a reconstruction-level jet using a distance of AR = 0.3. The generator-
level transverse region XE7 is defined as summing the transverse energies of stable final-state
particles with |#]| < 1.1 in the transverse region as determined by A¢ from the generator-level
leading jet. For inclusion in the £E1 measurement, stable final-state EM particles are required to
have a pr > 200 MeV and final-state hadrons are required to have a pr > 500 MeV. These particle-
level pr thresholds are consistent with those adopted in previous underlying event measurements
at RHIC and the LHC [13, 9].

Unfolding is performed using two iterations of the RooUnfold Bayesian iterative unfolding
method [36, 37]. Two iterations of unfolding are chosen since any further variation per iteration
reached the scale of the bin-by-bin statistical uncertainty. The sensitivity to the prior distributions
in this unfolding procedure is also tested by comparing the generator-level prediction and a
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Figure 4: Comparison of reconstruction-level transverse energy density distributions between data
(filled black points) and PyTHIA8+GEANT4 simulation (open blue points) for the transverse region
defined with respect to the reconstructed leading jet. The leading jet is defined as the highest-pr
jet reconstructed with the anti-k; algorithm (R = 0.4), required to satisfy p¢d > 21 GeV and

[n'ead| < 0.7. The transverse energy density distributions are calibrated at the electromagnetic (EM)
scale. All event and jet quality selections follow those outlined in Section 3.3.

reweighted simulation prior which will be discussed in the next section. The stability of the
entire unfolding procedure was quantified via a standard closure test based on the average energy
density recovered after being discretized in the response matrix and unfolded for bin migration.

4 Systematic Uncertainties

Systematic uncertainties in this measurement arise from both the jet and calorimeter topocluster
observables and are organized into three primary categories: calibration, selection efficiency, and
unfolding. The calibration and selection-related uncertainties are evaluated independently for
jets and calorimeter topoclusters and subsequently propagated through the full analysis chain,
including the unfolding procedure, while the unfolding uncertainties are assessed on the jet
and calorimeter topoclusters together. The dominant contributions to the total uncertainty are
associated with the calorimeter hadronic response, topocluster noise threshold and unfolding
uncertainties.

10
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The leading jet-related calibration uncertainty arises from the data-driven jet energy scale cor-
rection, determined from in-situ photon—jet and multi-jet balance calibration studies [38], and
incorporated via variations of the response matrix used in unfolding. In addition, a systematic
variation of the jet energy resolution is also estimated in data from di-jet balancing across different
event topologies. More details regarding these specific methodologies are available here: [32].
For the topoclusters, the dominant calibration uncertainty is the hadronic response uncertainty,
determined by observed differences between data and simulation in test beam measurements,
and implemented as a coherent scale uncertainty on the reconstructed topocluster energies. Other
calibration-related effects, including the calorimeter absolute EM energy scale calibration scale
and resolution uncertainties, are found to contribute at the percent level or below.

Selection efficiency uncertainties quantify the sensitivity of the measurement to event and object
selection criteria. The largest effects in this category arise from variations in the topocluster
noise threshold and the treatment of pileup. The noise uncertainty is evaluated by modifying
the clustering thresholds in both data and simulation, resulting in variations at the few percent
level. The pileup uncertainty is assessed by comparing results obtained with and without the
application of a data-driven pileup correction. Additional selection-related uncertainties, such as
those associated with jet trigger, MBD vertex reconstruction, and jet timing selection efficiencies,
are observed to have a negligible impact on the final results. The systematic uncertainty on
the MBD vertex efficiency is estimated from the efficiency scale difference between data and
simulation in a low-pileup dijet sample. With regards to event selection, the fit parameters to the
jet trigger are varied within 1o uncertainties and the resulting systematic uncertainty is found to
be negligible.

Unfolding uncertainties account for the sensitivity of the corrected distributions to the modeling of
the detector response and the choice of prior. The first contribution arises from prior reweighting,
evaluated by comparing results with and without reweighting of the input distribution used in
the unfolding procedure. A variation using an alternative generator, HERw1G7.3, for the response
matrix formation is is used to evaluate the model in the unfolding.

The total systematic uncertainty is obtained by summing all variations in the UE observable,
(XE7/dnd¢), in quadrature for each leading jet pr bin. The calibration and selection efficiency
uncertainties are evaluated independently for the jet and calorimeter topocluster observables and
subsequently propagated through the full unfolding procedure, while the unfolding uncertainties
are assessed on the combined jet and topocluster response. This independent treatment is well-
motivated given that the dominant uncertainty contributions arise from the hadronic response,
pileup, and noise threshold effects on the low-energy topoclusters, which are less precisely
constrained than the jet energy scale and resolution. All variations are evaluated both upward
and downward, with the exception of the unfolding, pileup correction, and topocluster resolution
uncertainties, which are one-sided. The values of the systematic variations for the inclusive jet
and dijet event results are given in Table 1.

5 Results

Figure 5 presents the unfolded average total transverse energy density, (LEr/é1é¢), in the
transverse region across the full calorimeter # acceptance, |;7| < 1.1, as a function of the leading jet

11
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Source Inclusive Jet Events Dijet Events
Jet energy scale +0.9/-0.6 -0.6
Jet energy resolution +1.0/-0.7 +0.1/-0.5
Topocluster pileup correction -2.7 -2.5
Topocluster EM scale calibration +1.5/-1.5 +1.5/-1.4
Topocluster hadronic response +4.4/-4.7 +4.6/-4.6
Topocluster resolution +0.1 +<0.1
Topocluster noise threshold +3.6/-2.7 +3.8/-2.3
MBD vertex efficiency +1.0/-1.2 +1.1/-1.2
Unfolding +3.5 +2.2
Total +8.2/-6.6 +7.5/-6.5

Table 1: Average value across jet pr bins for systematic uncertainties for inclusive jet and dijet events.
The + and — values represent the upward and downward variations, respectively, of (XE7/d1é¢)
averaged over the full range of jet pr bins for the given systematic source. All uncertainty values are
given in percentage (%).

transverse momentum for both inclusive jet and dijet event selections. The results are compared
to generator-level predictions from PyTH1A8 and HErRwWIGY.

A consistent trend is observed in both event selections: the underlying event transverse energy
density decreases with increasing leading jet pr. The systematic uncertainties are strongly
correlated across jet pr bins, meaning that the shape of the distributions are precisely constrained.
Additionally, the inclusive jet and dijet measurements are in agreement within their uncorrelated
uncertainties, indicating that the observed anti-correlation is not significantly sensitive to requiring
a dijet event selection at RHIC energies. This is in contrast to observations at the LHC, where
measurements show a reduced or slightly negative dependence of UE activity on the hard scale
in dijet events compared to the positive trend seen in inclusive jet events [9]. Since mid-rapidity
reconstructed jets at RHIC energies are initiated by partons higher x, as compared to jets at the
LHC, the impact of the di-jet selection is conceptually different when comparing across collision
energies. Therefore, the two sets of data can be utilized to simultaneously tune various MC models
accurately.

The observed decrease of UE activity with increasing jet pr indicates a consistent and non-trivial
correlation between the hard scattering scale and soft particle production at RHIC energies. As
already described earlier, one might naively expect that the underlying event and higher—Q2
scatterings are positively correlated since one expects increased initial- and final-state radiation
and a preferential selection of events with larger overlap of the colliding nucleons, enhancing the
probability of MPL. Instead, here the UE transverse energy density decreases with increasing jet pr,
consistent across both inclusive jet and dijet selections. This suggests that the interplay between
soft and hard processes at RHIC energies is more subtle than a simple scaling of total emissions
from both perturbative (wide angle emissions from jets) and non-perturbative (MPI) with the hard
scattering scale. The soft and hard particle production processes occurring in collisions at RHIC
energies are kinematically coupled at large parton momentum fraction. This kinematic coupling,
along with energy-momentum conservation imposes an important constraint on the UE which is
not as strong at higher collision energies due to a smaller x on average. This observable may also
be sensitive to PDF effects in RHIC-versus-LHC comparisons, since the differing quark and gluon
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Figure 5: (XEr/dnd¢) in the transverse region across full calorimeter 7 acceptance as a function
of leading jet pr for inclusive jet (left) and dijet (right) event selections. Data (black points) are
shown with statistical uncertainties (bars) and systematic uncertainties (blue bands). The results
are compared to generator-level predictions from RHIC tuned PyTH1A8 Detroit tune (red squares)
and HErwiGy Nashville tune (green triangles). The bottom panels show the ratio of each generator
prediction to the data.
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fractions probed at RHIC and LHC change the flavor of the jet-initiating parton, which in turn
modifies the associated wide-angle radiation.

Comparisons to PyTHIA8 show that the generator reproduces the observed decreasing trend of
UE activity with jet pr. In contrast, HERwWIG7 predicts an approximately constant UE activity
as a function of jet pr, in disagreement with the data, with the discrepancy becoming most
pronounced at high jet pr. Both PyrHIA8 and HERwIG7 incorporate MPI through an impact-
parameter-dependent framework and include initial- and final-state radiation tied to the hard
scattering scale. However, a key distinction lies in how the interplay between these components is
modeled. In PyrH1A8, MPI are interleaved with parton shower evolution in a common pr-ordered
sequence, introducing a dynamical and tunable competition between soft and hard processes.
This framework allows the relative contributions of MPI and radiation to evolve with the event
kinematics, leading to a correlated dependence of UE activity on the leading jet pr. In contrast,
HerwiGy treats multiple MPI and parton shower evolution in a more factorized manner, without
an explicit interleaved competition between soft and hard components. As a result, the underlying
event activity is more weakly coupled to the hard scattering scale. The sensitivity of the present
measurement to the evolution of UE activity with jet pr therefore provides a discriminating test
of these modeling approaches and places important constraints on the description of soft-hard
interplay in p 4 p collisions at RHIC energies.

Finally, the sSPHENIX results are compared directly with STAR in Fig 6. The left side y-axis of the
figure shows the average charge density, (6N, /010¢), from STAR with the right side of the axis
showing the energy density from this measurement. The conversion from the number density
to the energy density is not straightforward, therefore we have scaled the y-axies to have the
point at jet pr = 35 GeV roughly matching between sPHENIX and STAR to emphasize the shape
comparison. There is a negative slope of both datasets with the STAR measurement focused on
the lower jet momenta with no significant trend of the correlation after jet pr > 15 GeV where
this measurement increased the significance of the slope to higher jet momenta. The comparison
between the datasets is especially important to reveal this anti-correlation persisting to higher jet
momenta.

6 Summary

A measurement of the correlation between the underlying event production and the leading jet
transverse momentum in p + p collisions at /s = 200 GeV has been presented using the sSPHENIX
detector. The analysis utilizes calorimeter topoclusters to reconstruct soft particle production
in regions azimuthally transverse to the leading jet and the final results are presented after a
multi-dimensional unfolding procedure to correct for detector effects.

The underlying event density per unit area, (ZE7/61d¢), is measured as a function of the leading
jet transverse momentum for both inclusive jet and dijet event selections. A consistent decrease of
the transverse energy density with increasing jet pr is observed in both selections, demonstrating
a clear correlation between the hard scattering scale and soft particle production at RHIC energies.
This behavior differs from the naive expectation that higher-Q? scatterings lead to increased
underlying event activity through enhanced radiation and MPI. The agreement between inclusive
and dijet results indicates that this trend is robust with respect to the event topology at RHIC
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Figure 6: Comparison of the underlying-event activity in the transverse region between sPHENIX
and STAR [13] as a function of leading jet pr. The left axis shows the charged-particle density,
(dNa /ond¢), corresponding to the STAR results (red squares), and the right axis shows the trans-
verse energy density, (ZEr/d1d¢), corresponding to the sSPHENIX results (light blue circles), over
the range 5 < p'¢3d < 63 GeV. An axis scaling of 1.7 is used to overlay the STAR (SN, /d176¢) and
sPHENIX (XE7/d0ndé¢) results.

collision energies. These results provide insight into the correlation mechanism via energy
conservation between the hard and soft scattering processes.

Comparisons to PyrH1A8 and HErwiGy highlight the importance of modeling the interplay between
MPI and perturbative radiation including parton showers. While both generators incorporate
impact-parameter-dependent MPI and radiation tied to the hard scale, they differ in how these
components are combined. The observed sensitivity of the underlying event to the leading jet
pr strongly favors models in which soft and hard processes are dynamically coupled, such as
in PyTHIAS, at a significant level within uncertainties, and provides new constraints on event
generator descriptions of the underlying event at RHIC energies.

This measurement establishes a baseline for future studies of the underlying event in small systems
and motivates further investigation of the mechanisms governing soft particle production and its
connection to hard processes at RHIC energies.
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