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Abstract

This sPHENIX Conference Note details the measurement of dijet momentum balance (xy)
in Au+Au collision data at /syn = 200 GeV taken with the SPHENIX detector in 2024 at the
Relativistic Heavy Ion Collider. Jets are reconstructed using the anti-k; algorithm with R = 0.3
from electromagnetic and hadronic calorimeter energy deposits, constituting the first full
calorimeter jet measurement in heavy-ion collisions at RHIC. The measurement is performed
in 0.1 nb~! of collision data, corresponding to a small fraction of the expected Au+Au data
collected in 2025. Events where the leading jet has pr 1= 3043.2 GeV, and is azimuthally
back-to-back (A¢ > 77t/8) with the highest sub-leading jet that has pr>> 10.1 GeV, are used
for analysis. The pair-normalized distributions are corrected for combinatoric background,
unfolded for detector effects back to the truth-particle level, and reported in different Au+Au
centrality intervals (0-10%, 10-30%, 30-50%, 50-90%). The x; distributions are significantly
modified in central Au+Au collisions compared to those in p+p collisions as a consequence of
jet-medium interactions with the quark-gluon plasma. The results are compared to a selection
of theoretical predictions.
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1 Introduction

Hard scattered quarks and gluons traversing the quark-gluon plasma (QGP) have significantly
modified parton showers. Their energy is shifted to larger angles away from the parton because of
interactions with the medium and can also be transferred to the medium itself; see, for example,
Ref. [1]. Dijet asymmetry measurements at the Large Hadron Collider (LHC) indicate substantial
jet quenching in Pb+Pb collisions relative to p+p collisions as the vacuum baseline [2, 3, 4]. Initial
dijet measurements, without unfolding for detector effects to the truth-particle level, have also
been performed by the STAR experiment at the Relativistic Heavy Ion Collider (RHIC) [5]. These
results have generated significant theoretical interest in understanding their origin and systematic
dependence [6, 7, 8].

The sPHENIX Collaboration has previously measured the dijet momentum balance in p+p
collisions at /s = 200 GeV, fully unfolded for detector effects [9]. These results were reported for
R = 0.4 jets and characterized by the ratio x; = pr»/pr,1, where pr; and pr> correspond to the
leading and sub-leading jet in the event, respectively. Notably, the x; distributions are normalized
per dijet pair, i.e., to unity integral. The analysis presented here extends these measurements to
centrality-selected Au+Au collisions at /sy = 200 GeV taken with the sSPHENIX detector in 2024
at RHIC.

This note presents a measurement of the dijet momentum balance (x;) distributions in Run 2024
Au+Au data. Results are reported in centrality intervals of 0-10%, 10-30%, 30-50%, and 50-90%,
corresponding to central, mid-central, mid-peripheral, and peripheral collisions, respectively. The
analysis is performed using anti-k; jets with radius parameter R = 0.3 [10], and the distributions
are unfolded within the kinematic selection pr ;= 30-43.2 GeV, pr, > 10.1 GeV, and requiring
the azimuthal separation (A¢) between these jets to be greater than 77r/8. The Run 2024 p+p data
are also reprocessed, following the identical procedure detailed in Ref. [9], to apply the same
R value and kinematic selections. The Au+Au and p+p integrated luminosities correspond to
approximately 0.1 nb~! and 25 pb~!, respectively.

2 sPHENIX Detector

sPHENIX [11, 12] is a new detector at RHIC [13] designed to measure jet and heavy-flavor probes
of the QGP created in Au+Au collisions. A precision tracking system enables measurements of
heavy-flavor and jet-substructure observables while the electromagnetic and hadronic calorimeter
systems are used for measuring the energy of jets and identifying direct photons and electrons.

Going outwards starting from the beam line, sSPHENIX comprises the following subsystems [14]:
the MAPS-based Vertex Detector (MVTX); the INTermediate Tracker (INTT); the Time Projection
Chamber (TPC) [15]; the Time Projection Chamber Outer Tracker (TPOT) [16]; the Electromagnetic
Calorimeter (EMCAL) [17, 18]; the Inner Hadronic Calorimeter (IHCAL) [18]; the 1.4 T supercon-
ducting solenoid magnet [19] and the Outer Hadronic Calorimeter (OHCAL) [18]. Except for
TPOT, all detectors have full azimuthal coverage and span |77| < 1.1 in pseudorapidity. SPHENIX
also includes a number of forward detectors, namely the Minimum Bias Detectors (MBD), the
sPHENIX Event Plane Detectors (SEPD), and the Zero Degree Calorimeters (ZDC), that includes
the Shower Maximum Detector (SMD).
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sPHENIX began its commissioning process in RHIC Run-2023 with Au+Au collisions at /snn =
200 GeV. During RHIC Run-2024, sSPHENIX collected a large sample of transversely polarized
p+p physics data at /s = 200 GeV alongside a smaller sample of Au+Au data to complete its
commissioning phase in that collision system. Currently in 2025, sSPHENIX is accumulating a
large luminosity of Au+Au collision data.

3 Analysis Procedure

The data used for this analysis were collected in RHIC Run 2024 Au+Au /sy = 200 GeV
running. Events are selected by requiring the coincidence of hits in at least two photomultiplier
tubes in each side of the MBD. Selections on the correlation of the MBD charge between both
sides, and on the energies in the two ZDC sides, are applied to remove non-collision and beam
backgrounds. The collision centrality is characterized by the total charge in the two MBD sides,
with the trigger and offline selection requirements corresponding to 93 4= 3% of the total Au+Au
inelastic cross-section [20]. The z-vertex position is determined by the timing difference between
the two halves of the MBD. Its typical width for runs in this dataset is 15 cm and all events with
|z| < 60 cm are accepted. These selections yield approximately 650 million minimum-bias Au+Au
events for the analysis.

Monte Carlo (MC) simulations of jet production in a Au+Au collision background are used to
evaluate the performance of jet measurements and correct for detector effects on the measured jet
kinematics. PyTHIA-8 [21] jet events are generated with the “HardQCD:all” and “PromptPhoton:all”
processes for various p" thresholds to span a large kinematic range, using the Detroit tune [22]
optimized for RHIC-energy jet observables.

The Au+Au background is simulated using HijING [23], with a flow afterburner procedure which
adjusts the momentum of final-state particles to match the average v, values previously measured
at RHIC as a function of centrality, pr, and pseudorapidity [24, 25]. The HijING simulations
are generated with a z-vertex distribution similar to that in the Run 2024 Au+Au data sample,
and the embedded PyTHIA-8 event is placed at the position of the HijING event. The combined
PyrH1A-8 plus HIJING event is propagated through a full description of the sSPHENIX detector
using the GEANT-4 simulation package [26] and reconstructed in a manner similar to the data. The
simulation samples are reweighted in centrality and z-vertex position to match the distributions
of those quantities for jet events in Au+Au data, and the jet energy resolution is adjusted to match
that observed in Run 2024 p+p data using the dijet bisector method [9].

Jets are reconstructed according to the anti-k; algorithm [10] with R = 0.3 using the energy
deposited in Ay x A¢ = 0.1 x 0.1 calorimeter towers in the EMCAL and HCALs. A two-step
procedure is used to estimate and subtract the underlying event (UE) in Au+Au collisions, which
closely follows that outlined in Ref. [27]. In the first step, unsubtracted towers are clustered
into anti-k; R = 0.2 jets, and the subset of those jets with at least one tower above 3 GeV and a
maximum-to-average tower energy ratio greater than three is used to define regions consistent
with jet production (“seed jets”). A ¢-averaged UE energy density is determined in each Ay = 0.1
slice and for each of the three calorimeter layers, excluding towers that are within AR < 0.4 of a
seed jet. The seed jet kinematics are then updated by subtracting, tower by tower, the estimated
UE energy density in that 7 slice and calorimeter layer. In the next iteration, seed jets that have pr
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Figure 1: Examples of the combinatoric background subtraction procedure for selected pr1® pr2
ranges and centralities. Shown are the A¢ distributions for exclusive dijet pairs (black points) and
inclusive pairs separated by |Ay| > 0.8 (blue points). The lower magenta curve shows the Fourier
fit to the inclusive distribution which is used to set the A¢ shape, and the upper red curve shows
the estimated background in the exclusive distribution, including in the signal region A¢> 77/8
(shaded pink). See text for details.

> 7 GeV after subtraction are used to define a new set of seeds. The UE energy density is again
determined, now excluding towers within AR < 0.4 of the second set of seed jets. Finally, all
calorimeter towers are corrected to account for this second estimate of the UE energy density, and
jet reconstruction with R = 0.3 is run to determine the final subtracted jet kinematics. Importantly,
the procedure used in this analysis determines a ¢-averaged estimate of the UE energy density,
and does not attempt to correct for the event-by-event hydrodynamic flow which introduces a
modulation of this quantity in ¢. The impact of flow on the reconstructed jet response is corrected
for in the unfolding procedure described below.

Reconstructed jets are required to be within || < 0.8 to ensure full containment within the
calorimeter system. Events with a leading (highest-pr) jet with pr 1= 30-43.2 GeV are selected
for analysis. Other jets in the event are required to have pr,> 10.1 GeV to ensure a reliable
measurement of jet kinematics despite the significant Au+Au UE background. The particular
choice of pr binning is determined by the need to project the resulting pr1® pr» distribution
down to a one-dimensional x; distribution. The main analysis selection is an “exclusive” selection,
using only the second-highest-pr jet as the subleading jet partner to the leading jet. However,
an “inclusive” selection, defined by pairing the leading jet with each of the possible additional
jets above 10.1 GeV in the event, is also used in the analysis for estimating the combinatorial jet
background contribution and as a systematic check.

Dijet pairs in Au+Au events can have a significant contribution from the combinatoric pairing of a
leading jet from a hard scattering with a “fake” (UE fluctuation) jet or otherwise unrelated jet, or
from two such jets. This contribution is estimated in a data-driven way using sideband regions
in A¢ and statistically subtracted from the signal yield in the region A¢ > 77/8, separately in
different ranges of pr1® prs. The combinatoric jet contribution is expected to have a non-flat
shape in A¢ due to the influence of hydrodynamic flow.

Figure 1 shows examples of the A¢ distribution in different centrality selections. The distributions
have a depletion around A¢ ~ 0 and a peak at Ap ~ 2R =~ 0.6, since two anti-k; jets cannot gener-
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Figure 2: Response matrix for PYTHIA-8 jets embedded into HIjING Au+Au background, shown for
0-10% events. The x- and y-axis indices correspond to reco- and truth-particle level pr1® pr 2 bins.
The entries in each bin are shown on a logarithmic scale.

ally be reconstructed within AR < R and thus the next-nearest position is at approximately twice
the jet radius. These features prohibit an extraction of the flow modulation of the combinatoric jet
yield.

Thus, the shape of the combinatoric A¢ distribution is determined using an “inclusive” selection
of all possible subleading jets in the given pr, range, where only jets separated from the leading
jet by |An| > 0.8 are considered. As seen in Figure 1, this selection removes the near-side depletion
and nearby-jet contribution. This A¢ distribution is fit to a functional flow form with v, and v33
components in the range 0 < A¢ < 2.5 to model the shape of the contribution from combinatoric
jet pairs. This functional form is then applied to the “exclusive” pr1&® pr, selection, where it is
scaled to match the average of the distribution in the region 0.8 < A¢ < 2.5. The integral of the
function in the region A¢> 771/8 is taken as the estimate of the combinatoric contribution to the
signal, and is subtracted from the yield measured in that pr1® pr. selection.

After this background subtraction, the distributions are corrected for the inefficiency arising from
a combinatoric jet having a higher pr and thus displacing a hard-scattering associated away-side
jet in the exclusive selection. This correction is determined from the per-event jet yields in
minimum-bias Au+Au data and is applied as a function of pr,. The inefficiency is approximately
50% for the lowest-pr, selection in the most central events, but rises quickly with increasing pr
or less central event selections.
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An unfolding procedure utilizing the iterative Bayesian algorithm [28] in the RooUNFoLD pack-
age [29] is used to correct for detector effects in the x; measurement, including bin migration and
kinematic selection inefficiency. The procedure follows closely from that used in the previous
measurement of dijet x; in p+p collisions [9] and is summarized below. For each centrality interval,
four-dimensional response matrices are populated for bin migration of the yield as a function
of pr1® pry from the truth-particle to reconstructed levels, for the two highest-pr jets that have
A¢p> 71/8. An example response matrix is shown in Figure 2. These prior distributions are
reweighted by the observed pr;® pr, distributions at the reconstructed level in Au+Au data.
The number of iterations in the unfolding procedure is chosen by optimizing the combination
of the statistical uncertainty and the change in the results with respect to the previous iteration,
separately for each centrality. After unfolding, the truth-particle level pr1® pr> distributions are
projected to one-dimensional x; distributions.

4 Systematic Uncertainties

The main sources of systematic uncertainty in the x; measurement include: the jet energy scale
(JES), the jet energy resolution (JER), the combinatoric background subtraction, the sublead-
ing efficiency, and the unfolding for detector effects. The JES and JER uncertainties include
the uncertainties in the absolute calorimeter response to p+p-like jets previously discussed in
Ref. [9], as well as additional components accounting for the measurement of jets in the Au+Au
dataset. These include the modeling of the UE fluctuations in simulation, which is studied
by comparing the transverse energy distribution in random cones in data and simulation, and
the potentially different calorimeter response to the modified fragmentation of quenched jets,
evaluated by comparing the response of quark versus gluon jets in simulation. The uncertainty in
the combinatoric background subtraction procedure is evaluated by assuming a flat contribution
in A¢, determined from the exclusive A¢ distribution, rather than a flow-modulated one, and by
repeating the analysis with an inclusive dijet definition of the observable. The uncertainty on the
subleading efficiency is quantified by performing the analysis with inclusive subleading jets (all
jets that meet the minimum subleading jet pr cut). Allowing all possible subleading jets makes the
subleading efficiency unnecessary, and the addition of the combinatoric background is subtracted
by the combinatoric background subtraction. The uncertainty in the unfolding is determined by
removing the significant reweighting of the prior in simulation before unfolding. The systematic
uncertainties included in the p+p result are identical to the listed uncertainties in Ref. [9] but are
reprocessed with the kinematic selection and jet R value used in this measurement.

The magnitudes of individual uncertainty sources and the total uncertainty are shown for two
example centrality intervals in Figure 3. Due to the self-normalization of the observable, the
uncertainties are anti-correlated between low and high x; regions, with a minimum around
the median x; value. The dominant source of uncertainty varies depending on the centrality
interval and the x; region. Additionally, the uncertainties related to statistical uncertainties in the
simulation samples are added in quadrature with those on the data and are reported together as
vertical bars in the following Figures.
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Figure 3: Summary of the magnitudes of different systematic uncertainty components and the total
uncertainty for the x; measurement in 0-10% (left) and 30-50% (right) Au+Au collisions.

5 Results

Figure 4 shows the fully corrected x; distributions for events where the leading jet lies in the
range 30.0 < pr1< 43.2 GeV, the subleading jet satisfies pro> 10.1 GeV, and the azimuthal
back-to-back selection A¢p> 771/8 is applied. In this selection, the subleading jet is exclusively the
second-highest pr jet in the entire event, i.e., at any 7, ¢ angle. The distributions are normalized
per selected dijet pair. The results are shown for Au+Au centrality intervals 0-10%, 10-30%,
30-50%, and 50-90%, as well as for p+p collisions. In the most peripheral Au+Au events, the x;
distribution is compatible with that in p+p collisions within the combined uncertainties of each
measurement. However, in the other three centrality intervals, the shape of the x; distribution
in Au+Au collisions is significantly modified compared to p+p or peripheral collisions, with a
relative suppression at large x; values and relative enhancement at low x; values.

Figure 5 shows all Au+Au centrality intervals and p+p data overlaid. The x; distributions for the
0-10%, 10-30%, and 30-50% Au+Au events have a trend towards larger modification in more
central events, though are just compatible within uncertainties. In contrast, the 50-90% and
p+p distributions are significantly different. Notably, the reported observable is normalized per
surviving dijet pair, and thus the similar x; distributions for the three most central event selections
do not necessarily imply a similar level of overall jet suppression.
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Figure 4: Fully unfolded x; distributions of dijet events are shown for different Au+Au collision
centrality intervals in each panel: 0~10%, 10-30%, 30-50%, and 50-90%. The x; distributions in p+p
collisions and in PyrHIA-8 are shown on each panel with matching kinematic selections. For the
data distributions, statistical uncertainties are shown as vertical lines and systematic uncertainties as
filled boxes.
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Figure 5: Fully unfolded x; distributions of dijet events are shown for different Au+Au collision
centrality intervals, 0-10%, 10-30%, 30-50%, and 50-90%, and for p+p collisions with the matching
kinematic selections. Statistical uncertainties are shown as vertical lines and systematic uncertainties
as filled boxes. The data points are slightly displaced horizontally within their uncertainty boxes for
visibility. The 30-50% centrality interval marks the bin center. The statistical error bars for the p+p
result are smaller than the markers, so they are omitted from the figure.
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Figure 6: Fully unfolded x; distributions of dijet events are shown for different Au+Au collision
centrality intervals in each panel: 0~10%, 10-30%, 30-50%, and 50-90%. The x; distributions in p+p
collisions are shown on each panel with the matching kinematic selections. For the data distributions,
statistical uncertainties are shown as vertical lines and systematic uncertainties as filled boxes. Also
shown are the predictions for p+p collisions from the JEWEL + PyTHIA-6 vacuum baseline, and JEWEL
+ PyTHIA-6 medium results using the “4MomSub” recoil subtraction scheme.

6 Discussion

Figure 4 compares the experimental results with MC event generator simulations. The data are
compared with simulations of p+p collisions from PyrHIA-8 using the Detroit tune [22]. These
calculations are in close agreement with the SPHENIX p+p results and are close to agreement with
the Au+Au peripheral 50-90% centrality interval results. In contrast, in the other three centrality
intervals (30-50%, 10-30%, and 0-10%), the Au+Au data reveal significant modification relative to
PyTHIA-8.
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Figure 6 compares the data to theoretical predictions from the JEWEL (Jet Evolution With Energy
Loss) MC event generator, version 2.4.0, which models jet-quenching processes in QGP [30, 31].
The simulation is based on PyTHIA-6 and then modifies the evolution of the parton shower
through interactions with a medium, modeled as a two-dimensional, outwardly-expanding QGP.
The code is run in “vacuum” (p+p) mode, which is based on an unofficial release of PyTH1A-6,
version 6.4.25, included with the generator, and in “simple” medium mode, modeling the 0-10%,
10-30%, 30-50%, and 50—90% Au+Au centrality intervals and matching the kinematic selections
in data. The medium description uses peak temperature T; = 375 MeV and hydrodynamic start
time 7; = 0.4 fm/c for the QGP conditions at RHIC based on Ref. [32], with other parameters
set to their default values. Jets are reconstructed with the anti-k; algorithm using R = 0.3 on
final-state particles. For the medium output, the “4MomSub” recoil subtraction algorithm is used
to remove the thermal momentum component of medium partons and thus isolate the influence
of the jet energy loss [33]. Figure 6 also includes a comparison of the JEWEL calculation to all the
Au+Au data centrality intervals. The JEWEL calculation with this set of parameters reproduces the
qualitative features of the Au+Au data, but appears to under-predict the suppression at high x;
and the enhancement at lower x;.

Figure 7 compares the p+p and Au+Au 0-10% centrality interval data with theoretical predictions
from the Hybrid Strong/Weak Coupling Approach to Jet Quenching framework, known as the
Hysrib MoDEL [34]. This phenomenological model describes the modifications of jets in the QGP
medium by simultaneously treating the weakly coupled physics of jet production and hard jet
evolution, and the strongly coupled dynamics of the medium and the soft exchanges between
the jet and the medium. The calculation results are shown with and without the inclusion of
elastic scattering and with and without the inclusion of the wake, i.e., the response of the QGP
fluid to energy deposited from the jet. The calculation results agree with the experimental data
within uncertainties. The uncertainties on the x; measurement presented here are larger than the
differences between the calculation variations.

11
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Figure 7: Fully unfolded x; distributions of dijet events are shown for the Au+Au centrality interval
0-10%, and for p+p collisions with the matching kinematic selections. Statistical uncertainties are
shown as vertical lines and systematic uncertainties as filled boxes. Also shown are HyBRID MODEL
calculations with and without elastic scattering and wake effects (colored bands).
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7  Summary

This note details the measurement of the dijet balance (x;) in Au+Au and p+p collision data
at \/syn = 200 GeV, taken with the sSPHENIX detector in 2024 at RHIC. Jets are reconstructed
using the anti-k; algorithm with R = 0.3 from calorimeter energy deposits. Events that contain a
leading jet with 30.0 < pr1< 43.2 GeV, a subleading jet with pr,> 10.1 GeV, and the two jets in
a back-to-back configuration, A¢> 771/8, are analyzed. The distributions of x; = pr>/ pr1 are
corrected for combinatoric jet pairs and detector effects, and are reported at the truth-particle level
with a per-dijet normalization. The x; distributions are compared with the theoretical predictions
from PyrH1A-8, JEWEL, and the HyBrRID MoODEL. The x; distributions in p+p and peripheral Au+Au
50—-90% agree within uncertainties and with Pyraia-8. The more central Au+Au intervals 30-50%,
10-30%, and 0-10% reveal a substantial suppression of high-x; jet pairs and an enhancement of
low-x; pairs compared to the p+p baseline. The modifications exhibited by the jet-quenching
JeweL and HyBRID MODEL event generators describe the general trends of the data, while the
Hysrip MODEL provides quantitative agreement within uncertainties in the most central o-10%
collisions. Further measurements, including using the much larger Run-25 Au+Au collision
dataset, are expected to explore this physics more differentially in jet kinematics and cone size,
and with improved systematic control.
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