
Jet Quenching:
The transition from PHENIX discoveries 

to sPHENIX opportunities 

Megan Connors
RBRC 25th Anniversary

June 22, 2023

RHIC Run-16 (starts in 10 days):  
Au+Au @ 200 GeV  
d+Au beam energy scan

and then …

PHENIX
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sPHENIX
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Recreating the Big Bang

• Quark Gluon Plasma teaches us 
about the strong force interactions 
which binds our universe together 
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A. M. Sickles

Timeline of  a Collision
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incoming
nuclei

• radius of Au nuclei: ~7fm = 7x10-15m

• time to traverse the nucleus: 7x10-15m/(3x108m/s)=20x10-23s

hot
matter 

hadronic
gas 



What is a jet?

• Hard scattering produces back-to-
back quarks or gluons 

• A collimated spray of particles
• Defined by a jet finding algorithm
• High momentum particles as a proxy
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Jet particles

Hard scattering



Jets in the QGP

• An internal probe of the QGP produced 
in heavy-ion collisions

• Measurements modified relative to p+p
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parton
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A. M. Sickles

what happens to the energy?

• is the energy thermalized in the end?

24

gluon 
radiation

collisional
broadening

2. Angular distribution

1. Yield:



Jets are suppressed!

• Suppression of high pT hadrons observed!
• Di-hadron awayside suppressed compared to p+p and d+Au
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FIG. 10 Figure from CMS (Khachatryan et al., 2016b). The nuclear modification factor of jets in p+Pb collisions measured
by the CMS experiment in various rapidity bins. This shows that cold nuclear matter e↵ects are small for jets.
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FIG. 11 RAA from PHENIX for direct photons (Afanasiev
et al., 2012), ⇡0 (Adare et al., 2008c), ⌘ (Adare et al., 2010c),
� (Adare et al., 2016c), p (Adare et al., 2013e), J/ (Adare
et al., 2007a), ! (Adare et al., 2011c), e± from heavy flavor
decays (Adare et al., 2011a), and K± (Adare et al., 2013e).
This demonstrates that colored probes (high-pT final state
hadrons) are suppressed while electroweak probes (direct pho-
tons) are not at RHIC.

RHIC and the LHC are so similar since one would ex-1864

pect energy loss to increase with increased energy density1865

which should result in a lower RAA at the LHC with its1866

higher collision energies. However, the hadrons in a par-1867

ticular pT range are not totally quenched but rather ap-1868

pear at a lower pT , so it is useful to study the shift of the1869

hadron pT spectrum in A+A collisions to p+p collisions1870

rather than the ratio of yields. Note that the spectral1871

shape also depends on the collisional energy. Spectra gen-1872

erally follow a power law trend described by dN

dpT
/ p�n

T
1873

at high momenta. The spectra of hadrons is steeper in1874

200 GeV than in 2.76 TeV collisions (n ⇡ 8 and n ⇡ 6.01875

repectively for the pT range 7-20 GeV/c) (Adare et al.,1876

2012b, 2013c). Therefore, for RAA, greater energy loss1877

at the LHC could be counteracted by the flatter spectral1878

shape. To address this, another quantity, the fractional1879

momentum loss, (Sloss) has also been measured to bet-1880

ter probe a change in the fractional energy loss of partons1881

�E/E as a function of collision energy. This quantity is1882

defined as1883
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ppp
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+
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where pAA

T
is the pT of the A+A measurement. ppp

T
is de-1884

termined by first scaling pT spectrum measured in p+p1885

collisions by the nuclear overlap function, TAA of the cor-1886

responding A+A centrality class and then determining1887

the pT at which the yield of the scaled spectrum matches1888



The golden channel: photon tagged jets

• Direct photons do not interact via 
strong force: give RAA=1

• Opposing jets are predominately
quark jets

6

γ energy ≈ jet energy
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FIG. 10 Figure from CMS (Khachatryan et al., 2016b). The nuclear modification factor of jets in p+Pb collisions measured
by the CMS experiment in various rapidity bins. This shows that cold nuclear matter e↵ects are small for jets.
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Where does the lost energy go?
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Phenix PRL 111, 032301

• Suppression at low ξ (high pT) and 
enhancement at high ξ (low pT) 
• Increase in the number of low 

momentum particles

• Qualitative agreement with 
models at the time

IAA =
YAA
Ypp

Gamma-Jet 
γdir 

6/8/2016 Sarah Campbell - RHIC/AGS User's Meeting 26 



Jet broadening
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Phenix PRL 111, 032301

J.A. Hanks - WWND2013-2-8 13

arXiv:1212.3323

• More enhancement at wider angles

IAA =
YAA
Ypp



Fast forwarding

• LHC results on jet quenching 
with reconstructed jets
– Jet review paper: Rev. Mod. Phys. 

90, 025005 (2018)
• After working on ALICE as a 

post-doc, I joined the RBRC in 
Fall 2015 as an assistant 
professor at GSU

• I rejoined PHENIX and started 
working on sPHENIX

9



• Explore the procedures for extracting jets from the large 
underlying event in heavy-ion collisions

• Make sure measurements include “correlated background” 
or “medium response” which results from the energy of the 
jet deposited into the QGP

• Productive discussions about new observables 

10https://www.bnl.gov/jets18/ Korina Zapp



Medium response

• Awayside yields for 
dihadron
correlations from 
PHENIX run 14

• Agrees with model 
that includes 
medium response

• Similar results from 
LHC Z-h correlations 

• Medium response
more significant for
low pT

11

Anthony Hodges 
GSU PhD 2022𝐷!! = 𝑌𝐴𝐴 − 𝑌𝑝𝑝

Award 1848162: CAREER: Jet Measurements and a Novel Hadronic Calorimeter at the Relativistic Heavy Ion Collider



Reconstructed jets and substructure

• Photon tagged jets directly 
probe the lost energy and 
help disentangle quark/gluon 
jet effects

• Reconstructed jets require 
large uniform detector 
acceptance and high 
statistics 

• Substructure requires good 
resolution of particles within 
the jet

12

GHP 2021 April 13-16

• Jet grooming technique: final state to evolution of 
parton shower (e.g., “splitting function”)  
➡ structure of final state to evolution of parton shower 

Yeonju Go 13

Jet Substructure
Groomed Momentum Fraction Groomed Jet Radius

Rg

Yi Chen



A jet detector at RHIC 

• Full azimuthal acceptance 
• High Data Acquisition rate
• Calorimeters for jet 

energy measurements
• Tracking for HF tagging 

and jet substructure 
measurements 

13



Upsilon Physics Physics Projections 2023–2025
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Figure 4.4: Left: Statistical projections for the jet RAA double ratio between a large cone size and that
for R = 0.2 in 0–10% Au+Au events. Right: Statistical projection for the RAA double ratio for R = 0.5
compared to the latest similar measurements at the LHC.

Figure 4.4 shows a projection for suppression measurements of large-R jets in sPHENIX. These489

measurements probe the interplay of out-of-cone energy loss and the angular distribution of490

medium response effects, most recently highlighted by CMS [10]. For the projection in Figure 4.4,491

we expect that the jet RAA for different jet R values can be reported in the kinematic region where492

the jet energy resolution is below 30%. Even with this conservative assumption, sPHENIX will493

be able to report the R-dependence of the RAA over a wide pT range and multiple cone sizes. The494

right panel compares the expected RAA double ratio to the state of the art at the LHC. Note that in495

the low pT region, the LHC experiments are in significant tension, with measurements featuring496

large, model-dependent uncertainties. sPHENIX can make a well-controlled measurement directly497

in this region of interest.498

4.2 Upsilon Physics499

High precision measurements of Upsilon production with sufficient accuracy for clear separation500

of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality501

dependence and particularly the pT dependence are critical measurements for comparison between502

RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important503

differences with collision energy.504

The projected statistical uncertainties for the RAA of all three U states, including the U(3S), are505

shown in Figure 4.5 (left) as a function of the number of participants in the Au+Au collision.506

For the U(3S) projection, we assume that the RAA for the U(3S) is approximately half of that for507

the U(2S), as observed in a recent measurement by CMS at the LHC. Thus, if the relationship508

between the 2S and 3S is reasonably similar at RHIC, sPHENIX has the opportunity to explore the509

systematics of the 3S suppression in some detail.510

Figure 4.5 (right) shows the projected RAA in 0–60% Au+Au events, as a function of Upsilon511

transverse momentum. For comparison, the latest STAR measurement of the 2S+3S together is512

shown. We highlight that the sPHENIX program offers the unique possibility to observe the513

strongly-suppressed U(3S) state at RHIC energies.514
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Full jet studies

14

Jet and Photon Physics Physics Projections 2023–2025
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Figure 4.1: Projected total yields (left) and RAA (right) for jets, photons, and charged hadrons in 0–10%
Au+Au events and p+p events, for the first three years of sPHENIX data-taking.

Signal Au+Au 0–10% Counts p+p Counts

Jets pT > 20 GeV 22 000 000 11 000 000

Jets pT > 40 GeV 65 000 31 000

Direct Photons pT > 20 GeV 47 000 5 800

Direct Photons pT > 30 GeV 2 400 290

Charged Hadrons pT > 25 GeV 4 300 4 100

Table 4.1: Projected counts for jet, direct photon, and charged hadron events above the indicated
threshold pT from the sPHENIX proposed 2023–2025 data taking.

photons.463

As another way of indicating the kinematic reach of these probes, the nuclear modification factor464

RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning465

the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.466

The projection plots above indicate the total kinematic reach for certain measurements, such as467

those which explore the kinematic dependence of energy loss. For other measurements, it is useful468

to have a large sample of physics objects to study the properties of their intra-event correlations,469

for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons470

(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX471

above some example pT thresholds in Table 4.1.472

Several specific examples of sPHENIX projections for jet correlations and jet properties follow473

below.474

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet475

splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo476

22

sPHENIX will provide 
• significant extension in kinematics and 

overlap with LHC 
• jet cone size RAA comparisons at low pT

where differences at LHC experiments exist

RHIC highlights, P. Tribedy, MIT  town hall meeting 4

Medium-induced broadening of jets
Fig: Mehtar-Tani 
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2.%Looking%at%the%plot%at%the%top3lep%of%Slide%14%of%Lijuan’s%presenta)on,%when%you%make%this%
measurement%using%pp%data%from%Run%24%(instead%of%PYTHIA),%how%large%will%the%contribu)on%to%the%
error%bar%in%I_AA%coming%from%the%sta)s)cal%errors%in%the%pp%measurement%be,%assuming%a%Run%24%pp%run%
as%you%have%proposed?%
 

 

We%updated%the%plots%with%p+p%reference%data.%
The%red%band:%based%on%recent%QM22%IAA%results%where%the%p+p%data%were%used%as%a%reference.%
%The%green%band:%precision%projec)on%with%p+p%data%from%Run24%combined%with%previous%runs%
%
16%weeks%versus%11%weeks%for%Run%24%p+p:%the%sta)s)cal%uncertainty%for%p+p%will%be%reduced%by%13%,%the%effect%on%the%%
IAA%precision%is%not%significant.%

Accumulation of p+p data and 
high statistics Au+Au data in the 

year 2023-25

Anderson, Sahoo QM22
STAR Beam User Request 23-25

M. Connors 



Photon-Jet Imbalance

• Photon tagged jets are a key component to the sPHENIX program
• Projected statistical precision shown for the energy imbalance 

15

Gamma-Jet 
γdir 

6/8/2016 Sarah Campbell - RHIC/AGS User's Meeting 26 
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Figure 7.3: Left: Statistical projections for the jet yield as a function of the azimuthal distance from
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
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xJ 𝛄 =pTjet/pT𝛄

M. Connors 



Jet substructure

GHP 2021 April 13-16

• Jet grooming technique: final state to evolution of 
parton shower (e.g., “splitting function”)  
➡ structure of final state to evolution of parton shower 

Yeonju Go 13

Jet Substructure
Groomed Momentum Fraction Groomed Jet Radius

Rg

M. Connors 16

Upsilon Physics Physics Projections 2023–2025
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0 0.2 0.4 0.6 0.8 1 1.2 1.4

2Ψ - jet
φ = 

2
φΔ

0.62

0.63

0.64

0.65

0.662φ
Δ

/d
N

) d
je

t
N

(1
/

 Projection, Years 1-3sPHENIX
) = 0.52Ψ = 3%, Res(jet

2v > 40 GeV, jet
T
p
Au+Au 10-30%

projection, Years 1-3
) )2Ψ - jet

φ) cos(2 (2Ψ Res(jet
21 + 2 v

0 10 20 30 40 50 60 70
 [GeV]

T
pJet 

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1je
t

2v
Pr

oj
ec

te
d  Projection, Years 1-3sPHENIX

) = 0.52ΨAu+Au 10-30%, Res(

Figure 7.3: Left: Statistical projections for the jet yield as a function of the azimuthal distance from
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
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• Jet grooming one of many 
techniques to explore 
substructure of jets

• Groomed jets explore the 
evolution of the parton shower



• 2016 BNL news stories highlighting 
newly formed collaboration and 
calorimeter developments

17

BNL Newsroom Calo link

BNL newsroom sPHENIX link

https://www.bnl.gov/newsroom/news.php?a=26385
https://www.bnl.gov/newsroom/news.php?a=26258
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Calorimeters Reference Design

Simulations Electromagnetic Calorimeter

Figure 5.15: Preliminary design for EMCal light guides.

Figure 5.16: Four-SiPM pcb and SPACAL acrylic lightguide (left), lightguides on SPACAL
block (right). In the current design, the sipms will be mounted on a larger pcb with preamps
and electronics. The sipms will be positioned to accomodate the mounting hole in the light
guide.

Čerenkov cut. Likewise a small amount of electrons and other beam background are
suggested by the data.

• The simulated hadronic shower response is consistent with data within a factor of 2
across all energy bins.

Even though good agreement has already been achieved with default tuning of the simula-
tion, further improvements can be made:

144

Fully assembled inner HCAL 

2 



Prototype Testing

19

High pT Physics at RHIC and LHC, April 15 2016Gunther Roland

Calorimeter modules in 
FNAL beam test April 2016
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NUCLEAR PHYSICS GROUP
Dept. of Physics & Astronomy
Georgia State University

Dr. Xiaochun He
Distinguished University Professor
Graduate Director

Dr. Murad Sarsour
Associate Professor

Dr. Megan Connors
Assistant Professor
PHENIX & sPHENIX executive committees
Level 3 manager in the sPHENIX project

Dr. Brant Johnson
Adjunct Faculty

Dr. Xu Sun
Postdoctoral Research Associate

Carola Butler
Staff, Lab coordinator

9 graduate and 4 undergraduate students

Carry out research in several facilities:
BNL, Fermi, Jlab, NIST and LANL

Total funding over the past 5 years, ~$1.4M
DOE, NSF & RIKEN

Nuclear Physics Research at GSU2/27/2018 1

IEEE TNS, Vol 65, No. 12, p 2901, (2018)    
IEEE TNS, Vol 68, No. 2, p. 173, (2021)

• Fermilab Test Beam Facility
• Simulation reproduces the data
• Satisfies the sPHENIX performance requirements



GSU Students Testing Tiles
• >12 GSU undergrads worked with the tiles 2017-2021

08/01/19 Justine Enny & Saif Ali 8

Pre-Testing Procedures: Thickness Gauge Testing

● Tiles are designed to be 8mm thick

● Gaps in the steel towers vary from 8-9mm

● Thickness documented at GSU so BNL knows which tiles might have difficulty fitting in 

the tower

08/01/19 Justine Enny & Saif Ali 16

What’s Next

● Ongoing analyses of different variables from testing.

● Running more tests with leftover tiles to fulfill various curiosities.

● Gearing up for full production

08/01/19 Justine Enny & Saif Ali 10

Tile Testing
● Cosmic rays strike the tile and cause them to scintillate and release light.

● The embedded fiber collects the light which is then routed to an SiPM

● Analog signal is digitized by CAEN unit (ADC)

● Software developed at GSU extracts the peak position for the ADC Landau distribution, the 

MPV (Most Probable Value)

● The MPV becomes our proxy for tile performance.

● Comparing tile MPVs to the same top and bottom reference tiles, unique to each tile shape, 

allows for consistent performance characterization

20

Funding for Hcal tiles and
student labor through 
sPHENIX project



Tiles to Calorimeter

• Shipped tested tiles to BNL to be assembled in steel/aluminum sectors
• Outer Hcal was the first sPHENIX detector to be installed 

21



sPHENIX in Summer 2022

22

• Inner HCal installed • EMCal installation

GSU undergrads support from 
DOE NP trainee program 
prepared calorimeter cables  



Preparing for data and physics

• RBRC Workshop bringing together theorists and 
experimentalists to discuss model predictions and potential 
new measurements  

• Collected theory calculations after the workshop into a paper 
which has been submitted for publication: 
– https://arxiv.org/abs/2305.15491

23

https://arxiv.org/abs/2305.15491


First sPHENIX data in 200 GeV Au+Au collisions 

• Event display of the sPHENIX hadronic 
calorimeter in 200 GeV Au+Au data
– Shows Energy in the inner and outer HCals

• Ongoing commissioning and calibration 
of the sPHENIX detector 

24
  

sPHENIX Experiment at RHIC

Data recorded: 2023-05-22, 02:07:00 EST

Run / Event: 7156 / 12

Collisions: Au + Au @ 200 GeV



First sPHENIX data in 200 GeV Au+Au collisions

• Correlations of detectors show successful readout
25

Energy correlation of iHCAL and oHCAL
Cluster correlation of different 

regions of the INTT

GSU students Summer 2023



Summary

• Jet quenching observed as a suppression in the yield of high pT
particles/jets and a broadening of distributions of jet particles

• Open questions that can be addressed with sPHENIX
• sPHENIX commissioning currently underway and first glimpse 

of data has been shared
• Looking forward to future sPHENIX results 
• Future for jets & the hadronic calorimeter at EIC
• The support from RBRC is greatly appreciated   
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Thank you to the RBRC… 
• Support for travel to conferences
• Support for visits to BNL
• Support for student trips to BNL
• Workshops
• Many opportunities
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