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Abstract

This sPHENIX Conference Note details the measurement of dijet imbalance (x;) and
acoplanarity (A¢) in p + p collision data at /s = 200 GeV taken with the sSPHENIX detector
in 2024 at the Relativistic Heavy Ion Collider (RHIC). Jets are reconstructed using the anti-k;
algorithm with R = 0.4 from electromagnetic and hadronic calorimeter energy information.
Selections are made on leading jets in exclusive regions of 20.9 < pr; < 31.2 GeV, 31.2 <
pr1 < 40.7 GeV, and 40.7 < pr1 < 60.2 GeV and subleading jets with pr> > 9.4 GeV opposite
the leading jet (A¢ > 371/4). The distribution of x; = pr>/pr, is calculated and unfolded for
detector effects back to the truth-particle-level distribution. The A¢ distribution is calculated
and corrected for bin migration and detector resolution effects. The x; and A¢ distributions are
normalized per jet pair satisfying the kinematic selections and correspond to minimum bias p
+ p events satisfying the sSPHENIX Minimum Bias Detector trigger requirements. The unfolded
x; and corrected A¢ results are then compared with Monte Carlo rYTHIA-8 and HERWIG-7.3
generator calculations.
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1 Introduction

Measurements of dijet production have a long history in heavy-ion physics — for a review see
Ref. [1]. One of the first measurements confirming the creation of the Quark-Gluon Plasma
(QGP) in nucleus-nucleus collisions at the Large Hadron Collider (LHC) was of an increased
dijet asymmetry, defined as A; = (pr1 — pr2)/(pt1 + pr2), in central Pb+Pb events compared
with the expectation from p + p collisions by ATLAS [2]. One proposed explanation is that
the asymmetry is caused by the differential energy loss of the two jets [3]. Depending on the
production point of the dijet in the plasma, the path lengths traversed by each should be generally
anti-correlated. Thus, the different amounts of energy loss should result in a larger proportion of
highly asymmetric emerging jet pairs, and lead to a broadening of the A; distribution. However,
others have argued that the modification of the A; distribution is additionally sensitive to the large
fluctuations in jet-by-jet energy loss [4]. Many follow-up measurements were made, including a
confirmation and additional studies by CMS [5, 6]. In Ref. [7], ATLAS first used a 2-D unfolding
procedure to correct for detector effects, and future ATLAS papers instead reported x; = p12/pr1.
Follow-up measurements in LHC Run-2 data explored the x; distribution at a higher Pb+Pb
collision energy [8] and for different cone sizes [9] to test the interplay with recovery of radiated
energy. Distributions of the dijet azimuthal difference, Ap = ¢1 — ¢», are potentially sensitive
to several physics effects, including initial- and final-state kr scattering, next-to-leading-order
(NLO) radiation, and the possible large-angle scattering of jet partons off of QGP particles or
structures [10].

Dijet correlation measurements are expected to be valuable probes of the QGP produced at the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL), and were
one of several original motivations for the sSPHENIX experiment [11, 12]. Due to the smaller
relative contribution from higher-order processes, dijet pr and A¢ distributions have a tighter
initial correlation in p + p collisions at RHIC energies than at the LHC, thus increasing the
sensitivity of these observables to modification by medium effects in central Au+Au collisions.
The large sPHENIX acceptance, hadronic calorimeter, and high-statistics dataset make sPHENIX
well-equipped to perform these measurements. A previous measurement by STAR [13] used
jets reconstructed with charged tracks and electromagnetic calorimeter towers with “hard-core”
selections to investigate the pr balance of jets in Au+Au collisions. However, those results were
not unfolded for detector effects. Thus, the present measurement in sSPHENIX serves as the first at
RHIC with full-calorimeter jets over a broad kinematic range and unfolded to the truth-particle
level. This measurement establishes the p + p data baseline for upcoming measurements in
Au+Au and evaluates the modeling of these distributions in Monte Carlo (MC) generators for
theoretical comparisons.

This sPHENIX conference note presents the dijet imbalance x; distributions with selections on
the leading jet in exclusive regions of 20.9 < pr; < 31.2 GeV, 31.2 < pr; < 40.7 GeV, and
40.7 < pr1 < 60.2 GeV and on the subleading jet pr2> > 9.4 GeV that is opposite the leading
jet (Ap > 37t/4). The dijet acoplanarity, A¢, is presented with the same leading jet selections
in addition to subleading jet selections of 9.4 < pr, < 16.8 GeV, 16.8 < pro < 20.9 GeV,
20.9 < pro < 31.2 GeV with the same leading pr; bin 31.2 < pr; < 40.7 GeV.
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2 sPHENIX detector

sPHENIX [11, 12] is a new detector at RHIC designed to measure jet and heavy-flavor probes
of the quark-gluon plasma (QGP) created in Au+Au collisions at the Relativistic Heavy-lon
Collider (RHIC) [14]. A precision tracking system enables measurements of heavy-flavor and
jet-substructure observables while the electromagnetic and hadronic calorimeter system is crucial
for measuring the energy of jets and identifying direct photons and electrons.

Going outwards starting from the beam line, sSPHENIX comprises the following subsystems [15]:
the MAPS-based Vertex Detector (MVTX); the INTermediate Tracker (INTT); the Time Projection
Chamber (TPC) [16]; the Time Projection Chamber Outer Tracker (TPOT) [17]; the Electromagnetic
Calorimeter (EMCAL) [18, 19]; the Inner Hadronic Calorimeter IHCAL) [19]; the 1.4 T supercon-
ducting solenoid magnet [20] and the Outer Hadronic Calorimeter (OHCAL) [19]. Except for
TPOT, all detectors have full azimuthal coverage and span || < 1.1 in pseudorapidity. sSPHENIX
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).

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.

3 Analysis Procedure

3.1 Event Selection

The data used for this dijet analysis are from Run 2024 p + p /s = 200 GeV running and utilize
both jet and minimum bias (MB) triggers. The jet trigger requires a combined EMCAL and HCal
energy threshold of 10 GeV in a region of Ay x A¢ = 0.8 x 0.8, along with a coincidence of at
least one minimum ionizing charge particle in the MBD on both sides, which is the sSPHENIX
MBD Trigger. The MBD trigger sees 26.0717 mb of the total inelastic p + p cross-section of 42 mb.
The dijets used in these analysis are a part of the cross-section seen by the minimum bias trigger.
Events are required to have a reconstructed vertex within the z-vertex range of |Zyertex| < 60 cm.
Only events selected using the Jet 10 trigger are used in this analysis. Events are included if
the leading jet pr1 > 18.3 GeV, which is above the 95% efficiency mark of the Jet 10 trigger. The
analysis uses data from p + p collisions in two separate beam conditions that have different
zytx distributions, whose differences in jet kinematics are negligible. The integrated luminosity
corresponds to approximately 25 pb~!, and is only a subset of the total integrated luminosity
sampled in Run 2024.
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3.2 Monte Carlo Simulations

The MC pryTHIA-8 [21] event generator is used to populate the response matrix for the unfolding
procedure, hence correcting for detector acceptance and inefficiencies. The Detroit PYTHIA-8 tune
from Ref. [22] is used, that is matched to RHIC-energy observables. Three ryTHIA-8 samples
were generated with different pMi" to enhance the statistics for high pr dijets. These datasets
are generated with the options HardQCD:all = on and PromptPhoton:all = on. The simulations
are generated with a z-vertex distribution representing the 0 mrad crossing angle running. The
generated PYTHIA-8 events are then propagated through the full sSPHENIX detector using the
GEANT-4 simulation package [23] and reconstructed like the data.

The MC HERWIG-7.3 [24] event generator is used in this analysis only for truth-level comparisons
with final data results. The Nashville HERW1G-7.3 tune from Ref. [25] is used, that is matched
to RHIC-energy underlying event observables. These datasets are generated with the options
JetKtCut:MinKT set to appropriate values to enhance high pr jet statistics.

3.3 Jet Object Selection

Jets in this analysis are reconstructed using calorimeter towers in the EMCal and HCal. The
inputs to the jet finder are the energies of the individual Ay x A¢ = 0.1 x 0.1 inner and outer
HCal towers and pseudo-towers for the EMCal — where the pseudo-towers are constructed by
summing the energy in the EMCal towers into regions corresponding to the HCal geometry. The
towers are assumed to be massless, and the four momentum for each tower is used to reconstruct
a pseudojet. These serve as the inputs to reconstruct jets using the anti-k; algorithm with a jet
resolution parameter of R = 0.4, using the FASTJET package [26]. All jets are required to have a jet
axis |#jet| < 0.7 to ensure full jet containment within the calorimeter system.

3.4 xj Observable

The x; distribution is obtained via a projection of the (pr,1, pr,2) distribution, following the ATLAS
dijet procedure as detailed in Ref. [8]. In this process, if a dijet meets the pr1, prp and A¢
kinematic requirements, it is then inserted into the (pr1, pr2) distribution. The distribution is
symmetrized along the pr; = pr line in order to be unfolded, with the contents scaled by a factor
of two to conserve the number of dijets. Then, the unfolded (pr1, pr,2) distribution is brought
back to its asymmetric form such that pr; > pr. The bins of this distribution are logarithmically
spaced such that each of the bin contents in pr; and pr, can be split into exactly two adjacent x;
bins. If the entry belongs on the diagonal of the distribution, all of the contents are put in the
most symmetric x; bin.
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3.5 Unfolding

An unfolding procedure utilizing the iterative Bayesian algorithm [27] in the RoOUNFOLD pack-
age [28] is performed to correct for detector efficiency and bin migration in the final x; results. The
response matrix is filled using the pyTHIA-8 simulation described in Section 3.2. A study of the jet
energy resolution in data and simulation (described in detail in Appendix A) found that the reso-
lution in data is approximately 10% higher than that in simulation. Therefore, the reconstructed
simulation is smeared by an additional 10% in the response matrix. A two-dimensional unfolding
of the leading jet pr1 and subleading jet pr in logarithmic bins is used, so that a projection of the
distribution can produce an unfolded x; result. All truth level dijet events from primary particles
produced during the PYTHIA-8 event generation that meet our dijet requirements are accounted for
in the unfolding. The leading truth jet is required to satisfy pr; > 14 GeV and the subleading jet
to satisfy pro > 5 GeV, with the additional criteria that the azimuthal separation between leading
and subleading jet satisfies Ap > 3.

Truth jets are matched to reconstructed jets (meaning jets from the full GEANT-4 [23] simulation
and detector response) if their jet axes match within AR < 0.3. If more than one jet matches, the
reconstructed jet of the higher energy is selected. Only the leading and subleading reconstructed
jets are considered for truth matching because only these two are considered in the dijet analysis
in data. An example response matrix used in the two-dimensional unfolding procedure is shown
in Figure 1.
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Figure 1: Response matrix trained with pyTHI1A-8 and the sPHENIX reconstruction chain.
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3.6 A¢ Observable

The A¢ analysis uses corrections that are derived from the A¢ of reconstruction-level and truth-
level ryTHIA-8 dijets within each of the three pr; and pr, selections after the jet energy scale
calibration. This is to account for bin-migration, ¢-resolution, and detector efficiency. Figure 2
shows the comparison between the truth level and reconstructed level A¢. The reconstruction-truth
correction is the ratio of the two distributions, which is then applied as a bin-by-bin multiplicative
factor to the A¢ distributions in data.
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Figure 2: (Top) A¢ of reconstruction-level and truth-level PYTHIA-8 dijets in the leading pr1 bin
31.2 < pr1 < 40.7 GeV selection. (Bottom) Correction factor applied to A¢ distribution in data.

4 Systematic Uncertainties

The systematic uncertainties included in the xj analysis are from uncertainties in (i) the jet energy
scale (JES), (ii) the jet energy resolution (JER), (iii) matching MC to real data jet event multiplicity,
and (iv) sensitivity to the prior for the unfolding. The dominant uncertainty is from the JER
uncertainty, whose determination is detailed in Appendix A, while the JES uncertainty largely
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cancels in the ratio x;. The breakdown of these uncertainties is shown in Figure 3.

s ]
g8 ]
5 2.51 E
> L 1
g 2 .
E o 4
o r 1
Zl.5j b
1 y —

= e 1
0.5 E
O:HH\Hu\uH\HH\HH\HH\HH:
04 05 06 07 08 09 1

X5

2
3

sSPHENIX Preliminary _5 [ T SPHENIX Preliminary
p+p Vs =200 GeV 3 r 1 p+p Vs =200 GeV
5 2.5F 3

antik, R=0.4 z . 1 anti-k, R=04
20.9< pTv1< 31.2 GeV Ag 2: { 31.2< pT‘1 <40.7 GeV
p..=9.4GeV S F 1 p..29.4GeV

T2 S r 1 T2
A > 3174 Z 15 4 D234

® Total Systematics 17 E ® Total

—— JES Systematics E ] —— JES Systematics
—— JER Systematics L 1 —— JER Systematics
—— Event Jet Multiplicity 0'5; M 7 —— Event Jet Multiplicity

—— Sensitivity to Prior

G:uu\uu\uu\uu\uu\uuhu

04 05 06 07 08 09

X;

Nominal / Variation

3

G:.\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

sPHENIX Preliminary
p+p \s =200 GeV
anti-k, R=0.4
40.7< P, < 60.8 GeV
p..29.4GeV

T2
A > 3174

® Total Systematics
—— JES Systematics

—— JER Systematics
—— Event Jet Multiplicity
—— Sensitivity to Prior

04 05 06 07 08 09

=

x
<

—— Sensitivity to Prior

Figure 3: Total Systematic Uncertainties in x; for three selections on pr .

The systematic uncertainties included in the A¢ analysis are from uncertainties in (i) the JES, (ii) the
JER, and (iii) the reconstruction-truth correction described in Section 3.6. The reconstruction-truth
correction uncertainty includes a conservative 50% positive and negative variation on the nominal
correction factor itself. Figure 4 shows all the systematic uncertainties for the pr; selections added
in quadrature. Figure 5 shows the same systematic uncertainties for the three pr, selections.
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5 Results

The two key observables presented here are the unfolded x; distributions, for three selections on
the leading jet pr, and the fully corrected A¢ distributions in consecutive leading and subleading
pr bins.

5.1 Unfolded Xy Distributions

The reconstruction level and unfolded x; distributions are shown in Figure 6, with three pr; bins
from 20.9 < pr; <312 GeV, 31.2 < pr; < 40.7 GeV, and 40.7 < pr; < 60.2 GeV with the same
pr2 > 9.4 GeV sub-leading cut.

Figure 7 shows the final unfolded result and comparisons with MC generators rYTHIA-8 and
HERWIG-7.3. The x; distributions are all peaked in the bin containing x; = 1.0, and, at increasing
pr1 selections, the peak becomes narrower and the distribution becomes steeper. The pyTHIA-8
predictions are in agreement with data within systematic uncertainties and follow the pattern
of a more steeply peaked x; distribution for higher pr leading jets. The HERWIG-7.3 predictions
have a less peaked x; distribution, slightly outside the data systematic uncertainties. The dijet
asymmetry in p + p collisions at /s = 5.02 TeV detailed by ATLAS [g] also has a less peaked
distribution from HERWIG-7.3 compared to PYTHIA-8.
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5.2 A¢ Distributions

Figure 10 shows the corrected acoplanarity in data compared with ryrHIA-8 results in leading
209 < pr1 < 31.2GeV, 31.2 < pr;1 < 40.7 GeV, and 40.7 < pr1 < 60.2 GeV. In increasing pr1
bins, the peak at 77 becomes more prominent and the distribution falls faster as x; moves further
from unity, which is expected. The data agree with the truth-level pyrH1A-8 results, which follow
the same trend with increasing leading jet pr.

Figure 11 shows the acoplanarity of dijets in data compared with the ryrHIA-8 and HERWIG-
7.3 truth level dijets in subleading pr, bins: 9.4 < pro < 16.8 GeV, 16.8 < pry < 20.9 GeV,
20.9 < prp < 31.2 GeV with the same leading pr,1 bin 31.2 < pr; < 40.7 GeV. The expected result
is seen in both data, PYTHIA-8, and HERWIG-7.3 reconstructed dijets, where as the dijet becomes
more balanced, and the acoplanarity is pushed closer to 7r. The angle at which each consecutive
bin rises at A¢ = 7 in data agrees with reconstructed dijets.
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shown.
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6 Summary

This note details the measurement of dijet imbalance (x) and acoplanarity (A¢) in p + p collisions
at /s = 200 GeV taken with the sSPHENIX detector taken in 2024 at RHIC. Jets are reconstructed
using the anti-k; algorithm with R = 0.4 from calorimeter energy information. Exclusive selections
are made on leading jets with 20.9 < pr; < 31.2 GeV, 31.2 < pr; < 40.7 GeV, and 40.7 <
pr1 < 60.2 GeV and subleading jets with pr, > 9.4 GeV opposite the leading jet (A¢ > 37/4).
The distribution of x; = pr>/pr, is calculated and unfolded for detector effects back to the
truth-particle level distribution. These unfolded results are compared with the MC calculations
PYTHIA-8 and HERWIG-7.3. There is good agreement within uncertainties between the MC and
experimental data. The x; and A¢ distributions peak more sharply at unity and 7, respectively, as
the leading jet pr; increases.

18



o
sPHEQRIIX

A Jet Energy Resolution

The jet energy resolution (JER) is determined via a data-driven dijet bisector method [29]. First,
events are selected that have only a leading and sub-leading jet, i.e., no additional jets with
pr > 3 GeV, that are within the acceptance of the sSPHENIX detector. The two jets” pr are added
only considering their pr and ¢ kinematics. Figure 12 (reproduced from Ref. [29]) shows this
process.

Figure 12: Diagram of leading p7; and subleading p7, jets in the coordinate system used for the
bisector method (reproduced from Ref. [29]).

The vector sum p}dij” is broken down into two components: pr;, that is parallel to the bisector of

the dijet (@ away from the leading and subleading jet), and pry, that is orthogonal. For each bin
in average pr, the distributions of the pr, and pry are fitted with a Gaussian function to extract
their widths o(pr,) and ¢(pry). The orientation of the two jets is randomized to symmetrize the
distributions. Figure 13 shows the widths ¢(pr;) and o(pry) as a function of (pr) in PYTHIA-8
dijets, as well as in reconstructed ryTH1A-8 dijets and in data. Both the pr; and pry components
are sensitive to initial-state radiation, which is isotropic. This is shown in the similarity of o(pr;)
and o(pry) in truth level pyTHIA-8, where there is only a 1 GeV difference between the two
components” widths. The ¢(pry) component is always wider due to the dijet A¢ selection, such
that the hard radiation escaping the jet cone, contributing to larger dijet imbalance, will widen the
more transverse component . This is also seen in the pyrHIA-8 distribution. However, the effects
of the resolution are larger in the pry component of p747°  This can be seen in Figure 13 as o (pry)
in the reconstructed pyTHIA-8 dijets increases to 7 — 8 GeV from the truth level ryTHIA-8 dijets,
while o(pr,) remains unchanged. Also, from the larger width o(pry) in data, the resolution in
data must be underestimated by what is represented in our reconstruction.
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Using these values, the jet energy resolution can be determined as a function of (pr) using
Equation 1 for data and reconstructed rYTHIA-8 jets separately.

o(pr) _ o(pry) ©o(pry) @
pr V2 < pr > /< |cosA¢p| >

l;l 10:\ T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ T \: l; 20:\ T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ T ‘ \:
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o r i | - Truth | \Q_/ C ]
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5 6? E 5 12; E
F 5 3 1o s
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Figure 13: (Left) pyTHI1A-8 truth dijet o(pry) and ¢ (pry) as a function of (pr) and (right) includes
o(pry) and o(pry) in reconstructed pYTHIA-8 jets and data.

The limitation of this method is that there are final-state radiation effects that contribute additional
and unequal contribution to the pry width. Monte Carlo studies with rYTHI1A-8 were performed
to study these limitations. Figure 14 shows the result of this analysis. The resulting JER is
approximately 10% larger than the one derived purely from the simulation. The fit follows

Equation 2.
o S N
(1) _ e S o N 2)
Pt VPT  PT
In this equation, C is the constant term, S is the stochastic term, and N is the noise term. Thus,
for the default response matrix, the jet energies at the reconstruction level are smeared with an

additional 10% to best match the real detector performance.
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