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1. Introduction

The STAR experiment at the RHIC facility primarily aims to investigate the hot-dense state of
quantum chromodynamics (QCD) matter— quark-gluon plasma (QGP)—in order to accomplish the
scientific objectives of the RHIC mission. Amassing a vast amount of data from different collision
species and energies enables us to explore the properties of QGP under different conditions and
QCD in vacuum at RHIC.

In the context of heavy-ion collisions, jets and heavy flavor hadrons serve as important hard
probes for studying QGP. Their production and interaction with the medium in heavy-ion colli-
sions provide crucial information of QGP’s transport properties, medium temperature, and other
characteristics.

Jets, which are collimated sprays of hadrons, emerge from scattering between two incoming
partons with significant momentum transfer, commonly known as "hard scattering”". The jet
production rate is calculable using perturbative QCD (pQCD) and is compared to p+p data obtained
at both RHIC and the LHC. However, the yield of jets is suppressed in heavy-ion collisions due to
jet-medium interaction—a phenomenon known as jet quenching [1]. This phenomenon serves as a
distinctive signature of QGP.

On the other hand, heavy flavor quarks—such as charm (c) or beauty () quarks or antiquarks—are
produced mainly from hard scattering in both heavy-ion and p+p collisions. These heavy-flavors
are observed in experiment either in the form of quarkonium (c¢ and bb) states or open heavy flavor
hadrons. They interact with the medium while traversing through it and their yield suppression in
heavy-ion collisions stands as a key signature of QGP [2, 3].

In addition, the study of the QCD evolution in vacuum and hadronization processes enables
exploring the two regiems: pQCD and non-perturbative (npQCD). The transition between pQCD
and npQCD is mainly controlled by the Aqcp parameter in the running coupling constant. The jet-
substructure observables in p+p collisions at RHIC energy are investigated exploring these regimes
and serving a baseline for the heavy-ion collisions as well.

We highlight the STAR experiment’s key hard probes results at the Hard Probes 2023 conference
in Aschaffenburg, Germany. To study the QCD evolution and hadronization in vacuum, the energy-
energy correlator within jet and observables related to jet mass and jet shape are presented. In-depth
analysis on jet quenching phenomenon in heavy-ion collisions is performed by measuring inclusive
charged hadrons and jets recoiling from hadrons or direct photons in heavy-ion collisions. The
heavy-flavor hadron and quarkonia suppression and their flow in QGP medium are also presented. A
comprehensive perspective of QGP properties and the implications of these findings are thoroughly
discussed. Finally, the STAR experiment’s recent detector upgrade and data taking plan for the hard
probes physics program are presented.

2. STAR Detector

The STAR experiment comprises several detectors to measure particles in a 2 azimuthal angle
as shown in Fig. 1. The Time Projection Chamber (TPC) is used to measure the charged hadrons
and also for the particle identification (PID). A recent inner Time Projection Chamber (iTPC)
detector upgrade helps to measure charged particles in psedorapidity range || <1.5 and transverse
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momentum pt > 0.15 GeV/c. The time-of-flight (TOF) detector is used for PID in heavy-flavor
analyses. The Barrel Electromagnetic Calorimeter (BEMC) is used for triggering, and for neutral
particle measurement within || <1. The Muon Telescope Detector (MTD) is situated outside the
STAR magnet and serves the dual purpose of detecting high pr muons and acting as the dimuon
trigger. The two Event-Plane Detectors (EPD) are placed at both the east and west sides of STAR
magnet covering 2.14 < |n| < 5. The EPD is used for the event-plane determination pertaining to
the flow measurements and also for the centrality determination in heavy-ion collisions.

In 2022, the STAR experiment underwent the forward detector upgrade. The four new sub-
systemts are the forward calorimeter system (FCS) consisting of the electromagnetic (EMCal) and
hadronic calorimeter (HCal), and the forward tracking system (FST) with a silicon detector and a
small strip Thin Gap Chambers tracking detector (STGC) enabling detection of the neutral pions,
photons, electrons, jets, and the charged hadrons within pseudorapidity range 2.5 < n < 4.

( MTD )(BEMC )( TOF |( iTPC ) Forward Silicon Tracker | sTGC ) EPD |( Forward EMCal and HCal |

DAQ rate: 5000 Hz

Figure 1: The STAR detector with the forward detector upgrade.

3. Jet measurements in STAR

In this section, the jet substructure observables are discussed to study the QCD evolution and
hadronization at RHIC energy. Different manifestations of jet-medium interactions in heavy-ion
collisions are discussed below.

3.1 Probing fundamental QCD: theory vs reality

Energy-Energy Correlator: The two-point energy correlator (or EEC) helps to study different
regimes of QCD evolution from quark/gluon to hadrons as a function of their angular scale. In
conformal field theory approach, the EEC allows one to measure the flow of energy in QCD [4, 5].
The EEC is defined as a weighted distribution of the products of the jet energy fractions carried by
all possible two constituent combinations within a jet and its expression can be found in Ref. [6].

The jets are reconstructed using anti-k algorithm in p+p collisions in /s = 200 GeV data. The
jets are measured with jet resolution parameters R = 0.4 and 0.6; transverse momentum of jet within
15 < prjer < 20 GeV/c and 30 < pr,jer < 50 GeV/e. Figure 2 shows the normalized EEC observable as
a function of angular scale AR for R = 0.4, and 15 < pr,je; < 20 GeV/c. Here AR is angular separation
between the two constituents within a jet. The free hadron phase at small opening angles, pertur-
bative behavior of quark/gluon phase at large opening angles, and transition region in between are



STAR Experimental Highlights at Hard Probes 2023 Nihar Ranjan Sahoo (for the STAR collaboration)

T T STARPreliminary’

’ - W\
e

p+p, 15 = 200 GeV
Constituent P> 0.2 GeVic
JetR=06,1 | <04

15 < Jet pr< 20 GeVic =

URLALLLL B B L B R AL AR

Normalized EEC

o

10"

o

ol vl vl

1 1 1 1 1 1 1 1 1
10 104 10?107 10°° 100 1004 1002 1
AR

Figure 2: Corrected distributions of the normalized EEC plotted in AR for R = 0.4 for 15 < pr,jer< 20 GeV/c
in p+p collisions at /s = 200 GeV. The free-hadron regime, transition region, and quark-and-gluon regime
are highlighted in green, gray and purple respectively. The NLL-pQCD calculations are presented for (3
GeV)/pT,jet< AR< R.

shown as three colored regions. The Next-to-Leading-Log (NLL) pQCD calculation is comparable
to the data at the quark-gluon regime. The value of AR pr e is between 2-3 GeV and this is inde-
pendent of pr je; range. This suggests that the confinement of quark/gluon degrees of freedom into
hadrons occurs at universal momentum scale. A detailed discussion on this observable is in Ref. [6].

SoftDrop and CollinearDrop in p+p : The SoftDrop technique [7] is employed to effectively
eliminate soft-wide angle radiations within a jet, thereby reducing contamination from initial state
radiation, underlying event, and multiple hadron scattering in p+p collisions.

Two key observables resulting from the SoftDrop technique are the shared momentum fraction
(z¢) and the groomed radius (Ry). These observables represent the momentum and angular scale,
respectively, and can be utilized to map the Lund Plan of parton shower [9].

To further examine the groomed soft components of a jet obtained through the SoftDrop tech-
nique, the CollinearDrop technique is employed. This technique utilizes the two specific kinematic
settings from the SoftDrop approach, as discussed in Ref. [8]. Using both these techniques, the soft
and hard component of a jet can be examined to explore the pQCD and hadronization processes.

The AM /M observable is measured for different R, for jets with R = 0.4 in p+p collisions
with 10 < prjer < 30 GeV/c as shown in Fig 3. Here the AM /M represents the ratio between the
difference of ungroomed and SoftDrop groomed over the ungroomed jet mass. It is corrected for
the detector effects using MultiFold—a machine learning technique that preserves the correlations
between multiple observables in unbinned method. It is observed that the AM /M is anti-correlated
with Ry corroborating the angular ordering of the parton shower. In addition, the groomed mass
fraction (u), as defined and results shown in Ref. [10], is measured for different R, ranges in p+p
collisions. The u represents the mass sharing of the hard splitting; this decreases for narrower splits
of a groomed jet.

Generalized angularities and differential jet shapes in p+p: We also report different jet shape
observables, like jet-girth (g), momentum dispersion (D) and the differential jet-shape (o(r)) as
defined in [11], in p+p collisions at /s = 200 GeV. Figure 4 shows the g and p(r) distributions and
their comparisons with different versions of PYTHIA. The data agree with the PYTHIA-6 Perugia
tune [12] whereas PYTHIA-8 Detroit tune [13] needs further tuning for these observabels related
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Figure 3: Correlation between AM /M and R, (left) unfolded with MultiFold method and the projection of
AM /M for three different R, selections (right) for jets with R = 0.4 in p+p collisions at /s = 200 GeV.

to jet shape and momentum distributions inside jet. These jet shape obervables set baselines for

the similar measurements in heavy-ion collisions to study the in-medium jet shape modification at
RHIC.
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Figure 4: The g (left) and p(r) (right) distributions for jets with R = 0.4 and prjec > 20 GeV/c in p+p
collisions at /s = 200 GeV.

3.2 Jet-medium interaction in heavy-ion collisions

Intra-jet broadening and jet acoplanarity in central Au+Au collisions: The interaction between
a highly virtual parton and the medium involves the simultaneous effects of both vacuum shower and
in-medium gluon radiation. This interplay plays a pivotal role in understanding the phenomena of
jet-medium interaction. As a consequence of jet energy loss, the out-of-cone radiations contribute
to intra-jet broadening in heavy-ion collisions.

The STAR experiment reports the recoil jet yield ratios between R = 0.2 and 0.5 (:30-2/0-%)
from direct photon (yg;;) and #° triggers. This study is conducted with different trigger transverse
energies (E;rig), and the results are illustrated in the left side plot of Fig. 5. It is evident that the
values of 2R0-2/0-5 in 0-15% central Au+Au collisions, at Vsnn = 200 GeV, are lower than those ob-
served in p+p collisions for both yg;; and 7 triggers. This observation serves as a clear and distinct
signature of intra-jet broadening in heavy-ion collisions, and contributes to our understanding of jet
quenching and the underlying dynamics within QGP.
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Jet acoplanarity stands out as another manifestation of jet-medium interaction in heavy-ion
collisions. Different physics mechanisms [14, 15] can lead to the observations of excess recoil jet
yields at 7/2 radian in heavy-ion collisions relative to its p+p baseline. The STAR experiment
presents such observation in semi-inclusive ygi;+jet and 7°+jet measurements with R = 0.5 and
within 11 < E;rig < 15 GeV. The PYTHIA-S is used as a baseline for p+p data. This is the first
observation of jet acoplanarity due to jet-medium interaction in heavy-ion collisions at RHIC. The
detailed discussion can be found in Ref. [16].
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Figure 5: Left: Recoil jet yield ratios between R = 0.2 and 0.5 for 7%+jet and g +jet for 11 < Egig <15

GeV and 15 < E¥ ' <20 GeV, respectively. Right: Jet acoplanarity measurement with R = 0.5 and 11 < E¥ e
< 15 GeV in 0-15% central Au+Au collisions at sy = 200 GeV.

Baryon-to-Meson Ratios in Jets: The enhancement of the baryon-to-meson yield ratio in
heavy-ion collisions compared to p+p collisions is explained by the recombination and coalescence
mechanisms of particle production in QGP [17]. Whether these mechanisms contribute to the
hadronization process in a jet or not has become a focal point in heavy-ion collision experiment.
The STAR experiment has conducted the initial measurement of the proton-to-pion yield ratio
within a jet, with R = 0.3, in both p+p and Au+Au collisions at v/syy = 200 GeV. The jet selection
involves a hard-core criterion with constituent particles having pr > 3 GeV/c and reconstructed
charged jet pr,jec > 10 GeV/e.

In p+p collisions, the (p+p)/(n* + x~) ratio shows a preference for pion over proton production
within jets for different R shown on the left of Fig. 6. In Au+Au and p+p collisions at v/syy = 200
GeV, for jets with a hard-core selection and radius of 0.3, the (p + p)/(n* + n~) ratios are consistent
as shown in Fig. 6. Detailed discussion can be found in Ref. [18].

Nuclear modification factor and flow in isobar collisions: In order to explore the path-length
dependence of jet quenching in relatively smaller collision system compared with Au+Au collisions,
inclusive charged hadron nuclear modification factor (Rs ) and the second-order Fourier coefficient
(v2) of charged jets are measured in isobar (Ru+Ru and Zr+Zr) collisions at v/syy = 200 GeV.

Figure 7 shows the inclusive charged hadron Raa measured with pr > 5.1 GeV/c in isobar col-
lisions and compared with other collision systems. A similar suppression is observed at comparable
average number of participating nucleons ((Npar)), implying energy density in heavy-ion collisions
plays the key role to the Rap relative to the initial geometry of the collisions.
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Figure 6: Left: The (p + p)/(x* + n7) ratio in p+p collisions within jets with R = 0.3 and 0.5. Right:
comparison between p+p and Au+Au for jet R =0.3 and reconstructed jet pr,jec > 10 GeV/c in p+p and 0-20%
central Au+Au collisions at y/syy = 200 GeV.

The jet v; as a function of reconstructed jet pr in isobar collisions at Vsyy =200 GeV is shown
in Fig. 7 for R = 0.2, 0.4, and 0.5. High-pr jets show non-zero v, and no jet R dependence is
observed. In the overlapping kinematic region, the measured v; is consistent with that from syy
=2.76 TeV in Pb+Pb collisions. Detailed discussion can be found in Ref. [19].

A measurement of semi-inclusive recoil jets coincidence with a charged hadron within trigger
pt between 7 to 25 GeV/c in isobar collisions is also presented [16]. A detailed study is ongoing in
this direction to explore jet quenching in smaller collision system.
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Figure 7: Left: Raa as a function of (Npar) for Ru+Ru and Zr+Zr collisions at sy = 200 GeV and their
comparison with other collisions systems. Right: Jet v, as a function of jet prjer in Ru+Ru and Zr+Zr
collisions for different R. Hard-core jet selection is applied and no correction is applied along pr-axis.

4. Heavy-flavor measurements

In STAR, the J/i measurements in different collision systems and suppression of different Y
states in Au+Au collisions are discussed in this section.

J /W suppression and flow in isobar collisions: The J /¢ suppression depends on the medium
temperature, and is due to the color screening in the QGP. The J /i production in heavy-ion collisions
is an interplay between the dissociation and regeneration effect; Thanks to the large statistics isobar
collisions data, we can test the collision system size dependence of the J /i suppression at RHIC.
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The J /i Raa shows no significant collision system and colliding energy dependence for similar
(Npart) as in the left plot of Fig. 8. In addition, J /¢ v; is also reported in isobar collisions and its
comparison with Au+Au collisions (plot is not included in these proceedings); No significant J /¢
vy is observed at the current level of precision. Detailed discussion can be found in Ref. [20].

Sequential Y suppression in Au+Au collisions: Sequential suppression of bottomonia—bound
states of b and b—in QGP tells about the medium temperature. Different bottomonia states, like
T(1S), T(2S), and Y(3S), have different binding energies and sizes. The STAR experiment recently
published [2] the measurements of Y production in Au+Au collisions at v/syy = 200 GeV using
both the dielectron and dimuon decay channels. It is observed that T(2S) and Y(3S) states are
significantly more suppressed than T'(1S) state in Au+Au collisions relative to p+p as shown in the
right plot of Fig.8. This implies that the QGP temperature, at RHIC, is sufficient to melt excited
bottomonia states [2].
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Figure 8: Left: J/y Raa as a function of (Npar) for Ru+Ru and Zr+Zr collisions at y/syy = 200 GeV, and
their comparison with other collisions systems and colliding energies. Right: I’ Raa as a function of (Npar)
in Au+Au collisions at syy = 200 GeV.

5. Ongoing hard probes physics program at STAR

The STAR experiment recently underwent an upgrade of its forward detector subsystems,
introducing the FTS and FCS components as discussed in Sec.2 and as shown in Fig. 1. This
upgrade not only enhances the capabilities of the Cold QCD physics program but also offers unique
opportunities for measuring jets and photons at forward rapidity, thereby benefiting the hard probes
physics program at STAR.

Furthermore, the STAR experiment has plans to accumulate high luminosity data for precision
measurements of various hard probes [21]. Specifically, it is aimed to collect 20 billion minimum
bias and 40 nb~! triggered Au+Au collisions data at v/sxy =200 GeV in 2023 and 2025. Additionally,
data from 235 pb~! of p+p collisions and 1.3 pb~! of p+Au collisions will be collected in 2024.
The kinematic coverage of various hard probes measurements are sketched in Fig. 9 including
the published LHC and RHIC results. This extensive dataset will enable in-depth studies of the
micro-structure of the Quark-Gluon Plasma (QGP) through jet and heavy-flavor measurements.
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Figure 9: The kinematic coverage of hard probes for precision measurements using both Au+Au and p+p
collisions data between 2023 to 2025 (Orange band); The black, green, and blue bands represent the STAR
measurements untill 2015, current STAR, and LHC published, respectively.

6. Summary and outlook

The STAR experiment covers a broad range of measurements, investigating hard probes to
study both QCD in vacuum and the QCD medium at finite temperature. In the context of jet
substructure measurements in p+p collisions, the interplay between pQCD and npQCD regimes is
explored through the vacuum parton shower and a universal scale for parton-hadron transition.

In Au+Au collision systems, we report different manifestations of jet-medium interaction,
including jet suppression, intra-jet broadening, and recently observed jet-acoplanarity, along with
the suppression of bottomonia states. These observations help to understand the microstructure and
dynamics of QGP in heavy-ion collisions at RHIC.

For smaller collision systems such as isobar collisions, key observations include comparable
levels of inclusive charged hadron and J/¢ suppression as observed in Au+Au collisions along
with finite jet vo, but not significant J/¢ v,. To understand these observations, a detailed study
is ongoing to explore the effect of the initial energy density or collision geometry in heavy-ion
collisions.

The STAR experiment plans to further explore the properties of QGP through precision hard
probes measurements. Ongoing data collection is planned until 2025.
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