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medium coupling

perfect liquid

(adapted from sPHENIX MIE proposal  
document, nucl-ex/1501.06197)

Reveal structure of the “perfect fluid” with evolving, multi-scale 
probes - complete the scientific mission of RHIC!

jets produced
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QGP at RHIC is closer to 
transition temperature, better 

access to strong coupling regime

Larger fraction of evolution is dominated by 
“QGP medium length scales” at RHIC
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

describe quark and gluon interactions, the emergent 

phenomenon that a macroscopic volume of quarks and 

gluons at extreme temperatures would form a nearly 

perfect liquid came as a complete surprise and has 

led to an intriguing puzzle. A perfect liquid would not 

be expected to have particle excitations, yet QCD is 

definitive in predicting that a microscope with sufficiently 

high resolution would reveal quarks and gluons 

interacting weakly at the shortest distance scales within 

QGP. Nevertheless, the d/s of QGP is so small that there 

is no sign in its macroscopic motion of any microscopic 

particlelike constituents; all we can see is a liquid. To this 

day, nobody understands this dichotomy: how do quarks 

and gluons conspire to form strongly coupled, nearly 

perfect liquid QGP?

There are two central goals of measurements planned 

at RHIC, as it completes its scientific mission, and at the 

LHC: (1) Probe the inner workings of QGP by resolving 

its properties at shorter and shorter length scales. The 

complementarity of the two facilities is essential to this 

goal, as is a state-of-the-art jet detector at RHIC, called 

sPHENIX. (2) Map the phase diagram of QCD with 

experiments planned at RHIC.

This section is organized in three parts: characteriza tion 

of liquid QGP, mapping the phase diagram of QCD by 

doping QGP with an excess of quarks over antiquarks, 

and high-resolution microscopy of QGP to see how 

quarks and gluons conspire to make a liquid.

EMERGENCE OF NEAR-PERFECT FLUIDITY
The emergent hydrodynamic properties of QGP are 

not apparent from the underlying QCD theory and 

were, therefore, largely unanticipated before RHIC. 

They have been quantified with increasing precision 

via experiments at both RHIC and the LHC over the last 

several years. New theoretical tools, including LQCD 

calculations of the equation-of-state, fully relativistic 

viscous hydrodynamics, initial quantum fluctuation 

models, and model calculations done at strong coupling 

in gauge theories with a dual gravitational description, 

have allowed us to characterize the degree of fluidity. 

In the temperature regime created at RHIC, QGP is the 

most liquidlike liquid known, and comparative analyses 

of the wealth of bulk observables being measured hint 

that the hotter QGP created at the LHC has a somewhat 

larger viscosity. This temperature dependence will be 

more tightly constrained by upcoming measurements 

at RHIC and the LHC that will characterize the varying 

shapes of the sprays of debris produced in different 

collisions. Analyses to extract this information are 

analogous to techniques used to learn about the 

evolution of the universe from tiny fluctuations in the 

temperature of the cosmic microwave background 

associated with ripples in the matter density created a 

short time after the Big Bang (see Sidebar 2.3).

There are still key questions, just as in our universe, 

about how the rippling liquid is formed initially in 

a heavy-ion collision. In the short term, this will be 

addressed using well-understood modeling to run 

the clock backwards from the debris of the collisions 

observed in the detectors. Measurements of the gluon 

distribution and correlations in nuclei at a future EIC 

together with calculations being developed that relate 

these quanti ties to the initial ripples in the QGP will 

provide a complementary perspective. The key open 

question here is understanding how a hydrodynamic 

liquid can form from the matter present at the earliest 

moments in a nuclear collision as quickly as it does, 

within a few trillionths of a trillionth of a second.

Geometry and Small Droplets

Connected to the latter question is the question of 

how large a droplet of matter has to be in order for it to 

behave like a macroscopic liquid. What is the smallest 

possible droplet of QGP? Until recently, it was thought 

that protons or small projectiles impacting large nuclei 

would not deposit enough energy over a large enough 

volume to create a droplet of QGP. New measurements, 

however, have brought surprises about the onset of QGP 

liquid production.

Measurements in LHC proton-proton collisions, selecting 

the 0.001% of events that produce the highest particle 

multiplicity, reveal patterns reminiscent of QGP fluid flow 

patterns. Data from p+Pb collisions at the LHC give much 

stronger indications that single small droplets may be 

formed. The flexibility of RHIC, recently augmented by 

the EBIS source (a combined NASA and nuclear physics 

project), is allowing data to be taken for p+Au, d+Au, 

and 3He+Au collisions, in which energy is deposited 

initially in one or two or three spots. As these individual 

droplets expand hydrodynamically, they connect and 

form interesting QGP geometries as shown in Figure 2.9. 

If, in fact, tiny liquid droplets are being formed and 

their geometry can be manipulated, they will provide 
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the previously inaccessible forward region are all exploited in our Hot QCD program, that73

informs on the microstructure of the QGP, and our Cold QCD program that will utilize74

transverse polarization setting the stage for related future measurements at the EIC.75

Table 4: Proposed Run-23 - Run-25 assuming 24 (28) cryo-weeks of running every year, and
6 weeks set-up time to switch species in 2024. Sampled luminosities assume a "take all" triggers.

p
sNN Species Number Events/ Date

(GeV) Sampled Luminosity
200 Au+Au 10B / 38 nb�1 2023
200 p+p 235 pb�1 2024
200 p+Au 1.3 pb�1 2024
200 Au+Au 10B / 52 nb�1 2025

iv

Potential Beam Use Proposal 2026–2027 Au+Au and p+p Physics Reach

Table 8.2: Summary of Au+Au at 200 GeV running in the sPHENIX Beam Use Proposal. The recorded
luminosity (Rec. Lum.) and first sampled luminosity (Samp. Lum.) values are for collisions with
z-vertex |z| < 10 cm.

Year Species
p

sNN Cryo Physics Rec. Lum. Samp. Lum.

[GeV] Weeks Weeks |z| <10 cm |z| <10 cm

2023 Au+Au 200 24 (28) 9 (13) 3.7 (5.7) nb�1 4.5 (6.9) nb�1

2025 Au+Au 200 24 (28) 20.5 (24.5) 13 (15) nb�1 21 (25) nb�1

2027 Au+Au 200 28 24.5 30 nb�1 [100%-str/DeMux] 30 nb�1

Table 8.3: Summary of p+p at 200 GeV running in the sPHENIX Beam Use Proposal. The recorded
luminosity (Rec. Lum.) and sampled luminosity (Samp. Lum.) values are for collisions with z-vertex
|z| < 10 cm.

Year Species
p

sNN Cryo Physics Rec. Lum. Samp. Lum.

[GeV] Weeks Weeks |z| <10 cm |z| <10 cm

2024 p
"

p
" 200 24 (28) 12 (16) 0.3 (0.4) pb�1 [5 kHz] 45 (62) pb�1

4.5 (6.2) pb�1 [10%-str]

2026 p
"

p
" 200 28 15.5 1.0 pb�1 [10 kHz] 80 pb�1

80 pb�1 [100%-str]

charged hadron nuclear modification factor RAA as a function of pT in 0–10% central Au+Au
collisions. The higher luminosity, particularly at high-pT where underlying event backgrounds are
low, will enable a precision decomposition of these jet events. Figure 8.1 (right) shows the statistical
precision for the “golden-channel” photon + jet distribution. The precision is sufficient that one can
then further dissect these events and look for medium response opposite the photon in selections
of xJg. Another example of a statistically-driven measurement is the azimuthal anisotropy of high
pT probes. Figure 8.2 shows the statistical uncertainties for jets with pT > 40 GeV as a function
of angle relative to the second-order reaction plane. The precision measurements with Year 4–5
(2026–2027) data included will enable a key constraint on jet quenching calculations embedded in a
realistic hydrodynamic expanding background.

The Upsilon measurement is another case where additional precision will enable more differential
observations. Figure 8.3 (left) shows the increased statistical accuracy for the centrality dependence
with the added Year 4-5 (2026-2027) data. Figure 8.3 (right) shows the improvement in precision
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Jet physics at 
RHIC in 

2023-2025

Proposed running 
plan from STAR

Proposed running 
plan from sPHENIX

Focus of this talk: selected higlights from recent Beam Use Proposals

➡ focus on complementarity / differences between experiments

➡ point out areas where there is overlap with LHC program, but also 

those particularly accessible / unique to RHIC!
4

https://indico.bnl.gov/event/7881/attachments/30176/47224/BUR2020_final.pdf
https://indico.bnl.gov/event/7881/attachments/30176/47160/sPH-TRG-2020-001.pdf


5

Recent publications of 
semi-inclusive recoil jets, 

di-jets, inclusive 
charged-jet RCP, and 

groomed jets (in p+p) - 
using 2014+2016 data

Expect large statistical 
increase from 2023-2025 

data + continued 
development of analysis 

methods!

STAR 
detector



What is sPHENIX?

July 28, 2020 sPHENIX at RHIC 5

First run year 2023
!!! [GeV] 200

Trigger Rate [kHz] 15
Magnetic Field [T] 1.4

First active point [cm] 2.5
Outer radius [cm] 270

" ⩽1.1
$"#$ [cm] 10

N(AuAu) collisions* 1.43x1011

Outer HCal

BaBar Magnet

Inner HCal
EMCal

TPC
INTT
MVTX

Calo.

Tracking

* In 3 years of running

sPHENIX is a purpose-built jet physics detector:                         
(1) large, hermetic acceptance, (2) huge data rate, (3) hadronic 

calorimeter-based energy measurement, (4) unbiased triggering

sPHENIX Detector

6
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B. Light Collection
The light from the scintillating fibers was collected at the

tower’s front end (closer to the interaction point). Lightguides
were epoxied to the front of the blocks, while aluminum
reflectors were epoxied to the back. The lightguides consisted
of UV transmitting acrylic with a trapezoidal shape (see
Figure 3), custom made by NN, Inc. A silicone adhesive was
used to couple each lightguide to a 2⇥2 array of silicon
photomultipliers (SiPM). Each SiPM (Hamamatsu S12572-
015P) had an active area of 3⇥3 mm2 containing 40K 15µm
pixels, and had a photon detection efficiency of 25%. The
signals from each of the four SiPMs were summed to give a
single output signal from each tower. More details about the
electronics are given in Section III. Figure 3 shows an EMCal
block equipped with lightguides and SiPMs.

Fig. 3. EMCal block equipped with lightguides and SiPMs.

C. Assembly
Once the EMCal blocks were equipped with lightguides and

SiPMs, they were stacked and epoxied together in their final
positions. Since the SiPM gain is sensitive to temperature, a
cooling system was used to remove the heat generated by the
electronics. The cooling system consisted of multiple water
coils connected to cold plates. The plates were coupled to the
preamplifier boards that follow the SiPMs. Both the cooling
system and electronics were controlled remotely. The EMCal
prototype can be seen in Figure 4, which shows the blocks,
lightguides, SiPMs, electronics and part of the cooling system.

III. READOUT ELECTRONICS AND DATA ACQUISITION

The summed signals from the four SiPMs from a tower
were sent to a preamplifier, then shaped and driven into a
digitizer. The SiPM voltage was set to have a nominal gain of
approximately 2.3⇥ 105. A small thermistor was mounted at
the center of the four SiPMs to monitor the temperature per
tower. LEDs with an emission peak at 405 nm were mounted
near the readout end of each tower and were used to provide a
pulsed light source for calibration. Similarly, a charge injection
test pulse was used to test and calibrate the readout electronics.
The EMCal prototype could operate in a nominal gain mode,
or a high gain mode with 16 times the normal gain. The gain
was selected through a slow control system.

The slow control system consisted of an interface board con-
nected to a controller board. The interface board was mounted
on the EMCal prototype while the controller board was in a

Fig. 4. EMCal prototype showing the EMCal blocks, lightguides, SiPMs,
electronics and part of the cooling system.

separate crate. The interface board contained digital-to-analog
converters needed for different testing and monitoring tasks.
The interface board controlled the SiPM bias and gain. Testing
of the preamplifiers was controlled through the interface board
as well. The interface board also monitored leakage current
and local temperature for compensation. The parameters for
these testing and monitoring tasks were provided to the
interface board by the controller board. An ethernet connection
was used to communicate with the controller board.

Signals were digitized using a digitization system developed
for PHENIX [17]. The signal waveforms were digitized using
Analog-to-digital converters (ADC) at a sampling frequency
of 60 MHz, followed by Field Programmable Gate Arrays.
Signals were collected in Data Collection Modules and the
data was finally recorded using the data acquisition system
RCDAQ [18], [19]. The signals were recorded for the EMCal
prototype as well as the external detectors mentioned in section
IV.

IV. TEST BEAM

The EMCal prototype was tested at the Fermilab Test
Beam Facility as experiment T-1044. The facility provided a
particle beam, detectors such as a lead-glass calorimeter and
Cherenkov counters, and a motion table in the MT6.2C area
[20]. The EMCal was placed on the motion table to allow
testing in different positions with respect to the beam.

The particle beam used in the experiment had energies rang-
ing from 2 to 28 GeV and a profile size of a few centimeters,
dependent on beam energy. The beam was composed mainly
of electrons, muons, and pions, and their relative abundance
depended on the energy [21], [22]. The beam hit the EMCal
prototype with a frequency of 1 spill per min, where a spill
corresponds to a maximum of approximately 105 particles
during 4 seconds. The beam had a nominal momentum spread
of �p/p ⇡ 2% for the energy range used [9], [10], [23]. A
lead-glass calorimeter was used to measure the average and
the spread of the beam momentum. The lead-glass calorimeter
had a size of 45⇥15⇥15 cm3 and an approximate resolution
of 1.4%� 5.0%/

p
E [9].

Current production status

July 28, 2020 sPHENIX at RHIC 11

• Experimental hall is cleared and ready for construction
• MVTX: Staves production has resumed at CERN and all RU’s are delivered
• TPC: Cooling of electronics is now under test and GEMS are ordered from CERN
• ECAL: All tungsten and SiPMs are delivered, 70% of the tiles and fibres received
• HCAL: Assembly has resumed after Covid-19 shutdown
• Staff, post-docs and students are returning to labs or adapting to work-from-home

Left – Delivered SAMPA chips. Right - OHCal tiles

Prototype EMCal towers Outer HCal tiles

sPHENIX Installation Workflow — still on 
track to collect first data in 2023!

7



GEANT4 simulation of Au+Au event in sPHENIX

➡ Challenge for sPHENIX: jet reconstruction in large, 
dynamic background with completely new detector!

EMCal
IHCal
OHCal

Tracker

8



Nihar Sahoo (SDU)

γ+jet measurement in STAR

STAR Experiment 
Au+Au  = 200 GeV 
Apr 06, 2014  09:22:51 EDT 
Run Number: 15096026  Event ID: 2056716 
γ + jet event 
ET : 17.6 GeV

sNN

ɣ+jet probes of QGP at RHIC

event recorded by 
STAR in 2014

9



Nihar Sahoo (SDU)

Future projection: γ+jet measurement in STAR
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• Precision measurement for p+p reference  

• Full jet measurement using BEMC 

• Also mid- and forward-rapidity measurement in 
p+Au collisions   [cold-QCD matter effect]
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Figure 61: Ratio of semi-inclusive distributions of charged-particle jets (anti-kT, R = 0.5) recoiling
from a direct-photon trigger with 15 < ET < 20 GeV for central Au+Au collisions at p

sNN = 200
GeV measured by STAR (numerator) and p+p collisions simulated by PYTHIA (denominator). The
pink band shows the cumulative uncertainty for the current analysis based on 10 nb�1 [10], while
the green band shows the projected uncertainty for 110 nb�1. Theory calculations are discussed
in [10].

with enhanced integrated luminosity. These analyses are the semi-inclusive distribution2151

of charged-particle jets recoiling from a high-ET direct-photon trigger (�dir + jet); and the2152

differential measurement of energy loss for jet populations selected by varying a substruc-2153

ture metric. Since these analyses are mature, their analysis methodologies and correction2154

schemes are optimized, so that their projections based on increased statistics are meaningful.2155

We do not imply that these will be the only flagship measurements that STAR will make2156

with the 2023/2025 datasets; we will additionally continue to focus, for instance, on fully2157

reconstructed jets and utilizing substructure observables, including those not yet developed.2158

However, these analyses are most mature at present, and therefore provide the most accurate2159

projections of gain in precision.2160

Semi-inclusive �dir + jet measurement: Figure 61 shows IAA for fully-corrected semi-2161

inclusive distributions of charged-particle jets (anti-kT, R = 0.5) recoiling from a direct-2162

photon trigger with 15 < ET < 20 GeV in central Au+Au collisions at p
sNN = 200 GeV, for2163

the current analysis based on 10 nb
�1 [10] within |vz| < 70 cm, and projected for 110 nb

�1.2164

Significant reduction in the uncertainty band is seen to result from the increase in integrated2165

luminosity, together with significant increase in kinematic reach.2166

Note that the projection to 110 nb
�1 only takes into account the increase in statistical2167

precision, and assumes that the systematic uncertainty remains the same. The reduction in2168

width of the uncertainty band is therefore less than the factor 1/
p

11 expected from statistical2169

considerations alone, indicating the magnitude of the systematic component. Experience2170

shows that systematic uncertainty can also be improved by an increase in statistical precision,2171

since additional and more differential systematic studies can be carried out. However, it is2172

81

ɣ+jet projections: STAR

10

11x increase in statistical power 
compared to 2014+2016 data, with 

possible additional reduction in 
systematics

Gain in discriminating power 
compared to example models above

Significant increase in 
ability to construct p+p 

data reference - 
important for STAR!



Upsilon Physics Physics Projections 2023–2025
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is of particular interest since most theoretical calculations have been unable to simultaneously
describe suppression and anisotropy at RHIC. sPHENIX will have a unique data set for highly
differential high-pT observables.

7.2 Upsilon Physics

High precision measurements of Upsilon production with sufficient accuracy for clear separation
of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality
dependence and particularly the pT dependence are critical measurements for comparison between
RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important
differences with collision energy.

The projected statistical uncertainties for the RAA of the U(1S) and U(2S) states are shown in

38
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Narrower xJɣ distribution in p+p 
collisions at RHIC than LHC 
due to smaller ISR/FSR rate 


Along with lower-pT reach, 
greater sensitivity to E-loss!

Statistical projection for 
2023-2025 data — dramatic 
effects predicted in JEWEL 

compared to vacuum



• Jet sub-structure physics — systematically connect observables to 
space-time development of parton shower — RHIC sub-jets much 
closer to medium scale!


• Use observables as “jet tagger”: see how jets with a particular radiation 
pattern interacts with the medium (color coherence, dead cone, etc.)

➡ big focus in 2023-2025 for STAR: decrease resolution on θSJ from 

~0.1 to ~0.025 - and increased projected statistics above! 

Jet sub-structure: STAR

Figure 63: Two-panel figure showing statistical uncertainty for the two-subjet observables in 0-20%
central Au+Au collisions for 10 nb�1 in blue and projection for 110 nb�1 in red.

pattern of radiation in both angle and momentum, and jet substructure observables are a2214

broad class of measurements of combinations of the jet constituents’ angle and/or momentum2215

via algorithms or correlations. As the jet undergoes interactions with the medium, jet2216

substructure modification for a given jet energy (e.g. comparing the heavy-ion results to2217

those in p+p collisions) has been used as a way to access the microscopic properties of the2218

medium. By selecting on jets based on their substructure, we can study how a particular2219

class of jets interacts with the medium to determine the effects of e.g. color coherence, dead2220

cone, etc. on parton-medium interactions. In other words, the STAR jet program for Run-2221

23+Run-25 will focus on jet substructure as a jet-tagger.2222

Recent theory calculations have shown significant differences between energy loss signa-2223

tures for jets that are perceived by the medium as a single or multiple color charges [235].2224

Algorithms such as SoftDrop and sub-jets [244, 245] provide observables that correspond to2225

the splitting within jets via momentum fractions and an inherent angular scale which then2226

serve as a proxy for the resolution scale in the medium. This is often referred to as coher-2227

ent vs. de-coherent energy loss where the coherent length of the medium is related to its2228

temperature and q̂ [246]. By isolating population of jets based on their substructure, one2229

can directly probe energy loss for varying resolution scales. The integrated luminosity from2230

the Run-23+Run-25 datasets will not only provide a substantial increase in statistics in the2231

current measurements of jet substructure, they also make the phase space available for rare2232

processes such as wide angle emissions from high-pT jets. This enables STAR to extend our2233

current measurements of differential energy loss [2] to fine binning in the opening angles and2234

momentum fractions, as shown in Fig. 63. The current resolution of �✓SJ = 0.1 [2] is predom-2235

inantly due to statistical limitations in our older dataset sample. The significant increase in2236

integrated luminosity for Run-23+Run-25, coupled with excellent tracking resolution of the2237

STAR TPC will reduce the opening angles resolution to 0.025 and have a significant popula-2238

tion of jets where we can further identify and select jet topologies in both z and ✓ and study2239

energy loss in a three-dimensional fashion. By extending to high energy splittings within2240

84
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Jet sub-structure: sPHENIX
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Figure 7.2: Statistical projections for (left) the jet-to-photon pT balance, xJfl, for photons with pT >
30 GeV and (right) the subjet splitting fraction zg for jets with pT > 40 GeV. Statistical uncertainties
in the right panel are smaller than the markers. The projected distributions are sampled from those
predicted according to JEWEL v2.2.0.
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the event plane in 10–30% Au+Au events. Right: Statistical projection for a measurement of the jet v2
in 10–30% events as a function of jet pT.

is of particular interest since most theoretical calculations have been unable to simultaneously
describe suppression and anisotropy at RHIC. sPHENIX will have a unique data set for highly
differential high-pT observables.

7.2 Upsilon Physics

High precision measurements of Upsilon production with sufficient accuracy for clear separation
of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality
dependence and particularly the pT dependence are critical measurements for comparison between
RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important
differences with collision energy.

The projected statistical uncertainties for the RAA of the U(1S) and U(2S) states are shown in

38
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Challenging measurement with 
only calorimeter information 

(given subjet kinematics at RHIC)


Major motivator for sPHENIX to 
develop LHC-like particle-flow jet 

reconstruction!

Statistical projection - expected 
factor of two modification at 

large zg in JEWEL compared to 
vacuum

θSJ

θ S
J



Large-angle scattering: STAR
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Au+Au collisions at p
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MGyulassy QM19 2

Solid (dotted) curves are for Q=20 (60) GeV hard triggers.  

Black curve assume only Vacuum Sudakov gluon radiation  

Blue curves assume  Vacuum ⊗ wQGP color composition  
with only perturbative QCD color dielectric quarks and gluons

Red curves assume Vacuum ⊗ sQGMP color composition 
with magnetic monopoles and Polyakov suppressed electric 
semi-quarks/guons

 

sQGMP

wQGP

Vacuum

!

trigger

ϕ π

ϕ

3π/4

Summary:  With  dynamical  parameters Constrained by RAA&v2  RHIC&LHC data , 
CUJET3 predicts that DiJet Acoplanarity dN/dϕ can robustly discriminate between wQGP 
and sQGMP color d.o.f. of the QCD fluid in the crossover T~ 150-300 MeV  region
 
dN/dϕ 

14

Measurement likely unique to RHIC: 

smaller rate of ISR/FSR to distort 

vacuum Δɸ shape

access to lower-pT jets (compare 

solid to dashed lines)

Statistical projection from 
STAR - reach down to three 
orders of magnitude in Δɸ

M. Gyulassy, QM’19
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FIG. 4. Comparison of vn and vn/h"ni as a function of pT in 0%–5% of three collision systems, p+O and O+O collisions atp
sNN = 7 TeV and p+Pb collisions at

p
sNN = 8.16 TeV.

hydrodynamic sonic parameters. An example event for
4He+Au is shown in Fig. 9. We then calculate the flow
coe�cients as a function of pT for both systems in the
highest 5% multiplicity events as shown in Fig. 10. The
resulting vn values are quite similar for the two systems,
though the translation from geometry as characterized
by vn/h"ni is larger for the 4He+Au system. To deter-
mine if this is related to the slightly higher multiplicity
or the more compact initial geometry, we make the com-
parison in Fig. 11 where the event categories are selected
to match in multiplicity. The results confirm that, just

as in the p+O, O+O, and p+Pb comparison above, it is
also true in the 3He+Au and 4He+Au case that the more
compact source leads to larger flow.

Lim et al., PRC 99 (2019) 044904

ATLAS, EPJC 80 (2020) 73

Search for jet quenching in 
small systems 

In LHC p+Pb, v2 ~ 2-3% at          pT 
= 50 GeV, similar to Pb+Pb!


RpA difficult to measure in central 
events — exploit unique flexibility + 

dedicated HI running at RHIC for 
O+O collisions!

15
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Figure 8.8: Projected total yields (left) and RAA (right) for jets, photons, and charged hadrons in O+O
and Ar+Ar events taken during a potential sPHENIX run in 2026.

running period, one can measure direct photons beyond 25 GeV and jets out beyond 50 GeV
as shown in Figure 8.8. The direct photon measurement in particular enables confirmation of
minimum bias A-scaling of the cross section as well as any corrections to bias factors in multiplicity-
selected events.
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Figure 8.9: Projected jet-to-photon pT balance distributions for p
g
T > 20 GeV in p+p, O+O, and

Ar+Ar events taken during a potential sPHENIX run in 2026.

This sample will also enable differential measurements of many quantities. For example, Figure 8.9
shows projected xJfl distributions for p

g
T > 20 GeV, for which there will be 800 and 1 900 events in

O+O and Ar+Ar data, respectively. The projection shows that there will be sufficient data to make
a compelling measurement of g-tagged energy loss in these small symmetric systems. As a note,
the projection includes very low values of xJg < 0.4 at which jet measurements may not be feasible.
However, the physics effect is primarily at high xJg since the magnitude of energy loss is expected
to be small, and one could use photon–hadron correlations to explore the very low-pT physics.

Figure 8.10 (left) shows a projection for the v2 for charged hadrons as a function of pT for both
O+O and Ar+Ar. sPHENIX will have sufficient reach to measure out to pT ⇠ 25 GeV. In large A+A
systems, a non-zero v2 in this kinematic region, which is far outside the low-pT region governed by
hydrodynamic expansion, is conventionally understood to arise from a path-length dependent jet
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Figure 45: Prediction of minimum bias hadron nuclear modification factor for p
sNN = 200 GeV

O+O collisions following Refs. [168, 169] (the authors have graciously repeated the calculation for
RHIC energy). A particular parton energy loss model predictions (blue line) is overlaid with the
baseline in the absence of parton rescattering. The blue band represents model uncertainty only
due to experimental uncertainties in p

sNN = 5.02 TeV Pb+Pb collisions used to fit a free model
parameter. The red band shows nPDF uncertainties reweighted with additional CMS p+Pb dijet
data. Proton PDF (orange), leading order scale (green) and fragmentation function (yellow) uncer-
tainties are fully correlated and cancel. Error bars illustrate statistical uncertainties for O+O mock
data at 100% efficiency.

v2 and v3 behavior in O+O collisions, and how this compares to results from p+A, Cu+Cu,1473

and Au+Au collisions. We also suggest that these calculations should be undertaken for1474

↵ + ↵, Be+Be, Al+Al and Ar+Ar collisions also, as well as for O+Au and other asymmetric1475

small+large nuclear collision options, so as to be able to make the case that O+O is the1476

optimal physics choice, most likely to yield new or substantially improved understanding of1477

questions relating to how small droplets of QGP equilibrate and what is the smallest droplet1478

of QGP that is possible to be formed in collisions at 200 GeV".1479

We have prepared the following answers to these comments:1480

• Why O+O? 1) O+O collisions cover similar Npart range as p+Au/d+Au (see Fig-1481

ure 41) where the collectivity debate is ongoing, 2) O+O has similar Npart but different1482

nucleon/sub-nucleon fluctuations, 3) leverage similar measurement at the LHC for new1483

insight and precision.1484

• Are there theoretical calculations? Many model studies on O+O exist by now, which re-1485

flects the community interests: 1812.08096,1904.10415,1908.06212, 1910.09489, 2003.06747,1486

2005.14682. Figure 42 shows the new prediction on O+O taken from 2005.14682,1487

• Why not other collision systems? Analyzing power for 2k-particle cumulants vn{2k}1488

scales as Nevents ⇥ N2k
part, system smaller than O+O, such as C+C require much longer1489

56

2007.13754, Huss et al.

sufficient theoretical & experimental 
control to see jet quenching signal in 

O+O collisions at RHIC

Statistical projection for jet, 
hadron, photon RAA from 

sPHENIX, given only two weeks of 
O+O (or Ar+Ar) data-taking
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Energy loss in O+O collisions at RHIC

➡ steeper spectrum at RHIC than at LHC - a given 
E-loss results in a bigger effect in the RAA!
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Figure 8.10: (Left) Statistical projection for charged hadron v2 in O+O and Ar+Ar data as a function
of pT. (Right) ATLAS high-pT v2 in p+Pb and Pb+Pb collisions at the LHC. [32]

energy loss. However, recent results at the LHC, shown in Figure 8.10 (right), show that a small,
non-zero v2 is observed even in p+Pb collisions out to 50 GeV, despite no significant energy loss
observed in other measurements. Since sPHENIX will be able to make simultaneous measurements
of the v2 and the RAA with high precision in both O+O and Ar+Ar, we can map out the physics of
systems with sizes between the p+A and A+A in detail.

Additionally, the related puzzle of heavy-flavor anisotropies in p+p and p+A but with RpA ⇡ 1
can be tested in these small systems. As shown in Figure 8.11, a large minimum bias sample for
prompt D

0 can be detected allowing simultaneously high precision measurement of its nuclear
modification and v2. Similar observables can be further extends to other heavy-flavor channels,
such as the non-prompt D

0 mesons which provide a window into the heavier of the heavier b-quark
in these collision systems. Measurements in O+O and Ar+Ar of heavy-flavor RAA and v2 are a key
part of understanding the physics in these small systems. There are theoretical proposals that the
azimuthal anisotropy in small systems for heavy-flavor hadrons and quarkonia comes from initial-
state Color Glass Condensate effects. However, this is challenged by the idea that the heavy-flavor
particles are correlated with all bulk low-pT particles that are described by hydrodynamics. These
data will provide further tests of any models working towards solving the small system HF puzzle.

55

Statistical projection for v2hadron from 
sPHENIX, given only two weeks of 

O+O (or Ar+Ar) data-taking
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Energy loss in O+O collisions at RHIC
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Results - jet RAA
Charged Particle Jets Full Jets

See significant jet 
suppression down 
to 40 GeV/c!

Hard Probes 2020Hannah Bossi

Systematic 
uncertainties are 
reduced.

9

New Preliminary!

sPHENIX will have 6x the 
acceptance and >40x the data 
of the shown PHENIX points

expected 
sPHENIX+STAR jet 
kinematic range in 

2023+ data

LHC measurements at low-pT
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STAR has similar overall instrumentation and 
physics analysis focus as ALICE — great 

synergy for RHIC-LHC comparisons!

STAR + LHC
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Figure 2: Out-of-cone jet energy loss derived from jet yield suppression measurements in A+A
collisions (see text) for �dir+jet, ⇡0+jet, inclusive jet, and h+jet measurements at RHIC, and h+jet
measurements at the LHC [9,10]. Note the different pT,jet ranges.

shows the pT,jet shift needed between jet spectra measured in a reference system (p+p or196

peripheral A+A collisions) and in central A+A collisions, for several jet yield suppression197

measurements at RHIC and the LHC [9, 10]. The absolute magnitude of medium-induced198

jet energy loss is similar for several different observables at RHIC, and is smaller than the199

LHC measurement. Note that the pch
T,jet range is significantly higher for the LHC h+jet200

measurement, so that the relative energy loss is smaller than at RHIC.201

This is a first look at comparing medium-induced out-of-cone radiation at RHIC and the202

LHC. Clearly, as the measured pT,jet range at RHIC moves up and that at the LHC moves203

down in upcoming measurements, more precise comparisons can be made. Nevertheless,204

Fig. 2 already provides significant constraints on jet quenching calculations that seek to205

model RHIC and LHC measurements in a unified way.206

Jet-structure modifications: The Fragmentation Function (FF), normalized per jet,207

provides information of the longitudinal momentum fraction (z = pT,trk cos(�r)/pT,jet) of208

charged particles projected along the jet axis. While FF have been measured previously at209

the LHC [12,13], STAR has utilized the semi-inclusive approach to measure the FF of charged210

jets for the first time at RHIC [14]. The Mixed-Event approach developed in [1] is extended211

for the FF measurement, and utilized for the correction of uncorrelated jet contributions.212

The fully corrected FF are shown in Fig. 3 for jets of varying pch
T,jet for mid-peripheral 40-60%213

collisions compared to PYTHIA-8 predictions shown by the dashed curved. The FF shape in214

data is reproduced by PYTHIA-8 in these peripheral collisions. Measurements are ongoing215

to extend to central collisions where one expects a larger path length for the recoil jet and216

enhanced medium effects.217

Another observable of the jet transverse profile is the differential jet shape, measured in218

3
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Fig. 30: (Left Panel) XjZ distribution for Z boson-jet pairs with pZT > 60 GeV/c, pjet > 30 GeV/c and
|⌘jet| < 1.6 in the HL-LHC data (Right Panel) Comparison between the current performance with 0.4
nb�1 of Pb–Pb data collected in 2015 and with HL-LHC data [8].

hemisphere) may be modified by soft multiple scattering in the QGP, which can be used to extract the jet
transport parameter q̂ by comparison to models [379].

Measurements of the angular distribution of jets relative to a reference axis have been reported for
either dijet, photon-jet, Z0-jet and hadron-jet coincidences, at RHIC [343] and LHC [349,354,375,376,
380]. These current measurements exhibit no significant evidence of in-medium modification of angular
distributions, both at small and large angles to the reference axis. While they impose constraints on the
magnitude of in-medium scattering effects, their statistical precision is limited. Measurements during
HL-LHC will either discover in-medium modification to the recoil jet angular distributions, or improve
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GeV/c), for central Pb–Pb collisions at psNN = 5.02 TeV with 10 nb�1 int. luminosity, and pp collisions
at

p
s = 5.02 TeV with 6 pb�1 int. luminosity. The recoil jet azimuthal angle �' is defined with

respect to the reference axis. The observable shown is �(�') which incorporates statistical suppression
of uncorrelated background. Figure from Ref. [1].

and central Pb–Pb collisions, we integrate the �(�') from ⇡/2 to a threshold angle �'thresh [354],

⌃(�'thresh) =

Z ⇡��'thresh

⇡/2
�(�')d�'. (20)

Figure 32 shows ⌃(�'thresh) for the �(�') distributions in Fig. 31, together with their ratio. In this
calculation, the value of ⌃ at �'thresh = 0 is around 0.5, which is the yield suppression averaged over
the full recoil hemisphere. The ratio grows to ⌃ ⇠ 1 at �'thresh = 1.2, indicating a factor two enhance-
ment in large-angle yield relative to the hemisphere average. The statistics of the measurement are clearly
sufficient to measure the effect predicted by this calculation. However, the calculation in [384] predicts
a difference of only a few percent in these distributions for GLV-like and BDMPS-like in-medium scat-
tering, which is more difficult to discriminate. The statistical error in the ratio in Fig. 32 is around 5% at
�'thresh ⇠ 1, due predominantly to the statistical precision of the pp distribution.
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slope in the Lund diagram for a constant value of zg.
The effect of jet quenching on the Lund diagram is quantified by taking the difference between the

diagram with and without medium effects as shown in Fig. 39 for the two transverse momentum ranges
considered in this study. The average density integrated over ln calculated for Pb–Pb (MEDIUM) case
shows little deviation from the pp (VACUUM) reference. The most pronounced differences between
VACUUM and MEDIUM calculations are visible for the region of �3 < ln < �3 and large ln 1�
which correspond to the hard-collinear splittings (Region-A), and a band along ln 1/� for small ln
(Region-B): �5 < ln < �6 for the lower pT selection and �5.5 < ln < �7 for higher pT jets; that
corresponds to an enhancement of soft (moderate ln 1/�) and hard collinear splittings (large ln 1/�).
These observations are consistent with soft and hard collinear splittings being modified by the medium.

To illustrate the different modifications of the Lund diagram density for the two regions identified
in Fig. 39, projections along ln 1/� are shown in Fig. 40. For Region-A we observe 30%-40% depletion
of splittings for the MEDIUM case whereas in Region-B a moderate increase of splittings induced by the
medium is visible. The depletion in Region-A is consistent a sample of more collimated jets consistent
with previous measurements in heavy-ion collisions [359, 388]. The increase seen in Region-B is con-
sistent with a small in-medium enhancement of splittings with moderate dependency on the angle of the
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BDMPS [400] and SCETg [401] calculations when the medium density (q̂ for BDMPS and g for SCETg)
is varied. In addition, the expected precision will also provide the ability to distinguish different physical
mechanisms and scales relevant for jet quenching as is shown for the role of coherence in Fig. 36 in the
HT theoretical calculations [402]. A measurement of the groomed jet mass with the 2015 LHC Pb–Pb
data already showed that jet quenching might cause an increase of high mass jets [361]. Figure 37 shows
the expected performance for the groomed jet mass at HL-LHC which will allow measuring the high
mass region with higher precision.
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Jets at RHIC: Outlook
• Well-motivated and exciting jet physics programs at sPHENIX and 

STAR in 2023+


• Complementary with LHC programs, but can also explore physics 
particularly accessible (or even unique!) to RHIC 


• Very interesting few years ahead!

Nihar Sahoo (SDU)

γ+jet measurement in STAR
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