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One sleep-deprived experimentalist’s biased view…

Study low  region: 

LHC and top RHIC energy

Cross-over from hadronic phase to QGP


μB
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Transverse energy flow in CMS calorimeters

for single Pb+Pb collision at 2.76TeV

15% modulation in , 

carried by O(10k) particles
± dET /dϕ

red = ECAL energy

blue = HCAL energy
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Transverse energy flow in CMS calorimeters

for single Pb+Pb collision at 2.76TeV

Initial energy distribution 

in collision overlap  area

Hydrodynamic expansion translates 
initial configuration space anisotropy 
into final state momentum anisotropy

Fluctuations in initial geometry 

are essential ingredient for 

understanding physics of flow

“Hydrodynamic flow”
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Participant nucleon distributions characterized 
by eccentricities and corresponding angles:








ϵn =
⟨r2 cos(nϕpart)2⟩ + ⟨r2 sin(nϕpart)⟩

⟨r2⟩

Ψn =
atan2(⟨r2 sin(nϕpart)⟩, ⟨r2 cos(nϕpart)⟩) + π

2

Initial state B. Alver, GR, Phys. Rev. C 81, 
054905. arXiv:1003.0194

“Glauber MC”


Participants

→

http://prc.aps.org/abstract/PRC/v81/i5/e054905
http://prc.aps.org/abstract/PRC/v81/i5/e054905
http://arxiv.org/PS_cache/arxiv/pdf/1003/1003.0194v3.pdf
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Participant nucleon distributions characterized 
by eccentricities and corresponding angles:








ϵn =
⟨r2 cos(nϕpart)2⟩ + ⟨r2 sin(nϕpart)⟩

⟨r2⟩

Ψn =
atan2(⟨r2 sin(nϕpart)⟩, ⟨r2 cos(nϕpart)⟩) + π

2

Initial state

V3Δ

V1Δ

V2Δ

V4Δ

V5Δ

2<|Δη|<4
2<|Δη|<4

CMS central PbPb collisions 

Final state

Final state angular distributions described

by coefficients  in Fourier expansion:
vn

dN/dϕ ∝ 1 + ∑ 2vn cos(n(ϕ − Ψn))

B. Alver, GR, Phys. Rev. C 81, 
054905. arXiv:1003.0194

“Glauber MC”


Participants

→

http://prc.aps.org/abstract/PRC/v81/i5/e054905
http://prc.aps.org/abstract/PRC/v81/i5/e054905
http://arxiv.org/PS_cache/arxiv/pdf/1003/1003.0194v3.pdf
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Hydrodynamics shows a nearly 
linear translation from initial state 
eccentricities  to final state Fourier 
components 


The magnitude of response (slope) is 
controlled by dimensionless 
transport coefficient , the shear 
viscosity to entropy density ratio

ϵn
vn

η/s

Alver et al, https://arxiv.org/pdf/1007.5469.pdf

https://arxiv.org/pdf/1007.5469.pdf
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Applied QGP physics



9

linear

A new direction (literally….)



A new direction (literally….)

Giacalone, 

https://arxiv.org/abs/1910.04673
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A new direction (literally….)

Exploit linear hydro response and 
nuclear shape dependence of 
initial fluctuations to learn about 
nuclear structure


Yoktosecond snapshot of nuclear 
shape
see e.g. J. Jia, https://arxiv.org/pdf/2109.00604.pdf

Giacalone, 

https://arxiv.org/abs/1910.04673



A new direction (literally….)

Change in neutron skin thickness changes

average initial energy density distribution

Changing initial energy distribution is reflected in multiplicity, <pT> and elliptic flow v2

Bayesian analysis yields

 likelihood distributionΔrnp

Giacalone, Nijs, van der Schee, https://arxiv.org/pdf/2305.00015.pdf

Trajectum framework

https://arxiv.org/pdf/2305.00015.pdf
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Posterior distributions

red = using identified hadron data

blue = using charged particle  data

“Industry standard”: Bayesian extraction of 
parameters of interest  from large number/
range of model parameters, using multiple 
data sets and observables


Typically employ Gaussian Process Emulators 
to reduce need for expensive full model runsBernhard et al (Duke/Ohio State), https://arxiv.org/pdf/1605.03954.pdf

https://arxiv.org/pdf/1605.03954.pdf
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Review: Apolinario, Lee, Winn, https://arxiv.org/pdf/2203.16352.pdf

Consistent results from many independent 
groups/approaches:





An order of magnitude smaller than for water


Close to  lower bound obtained by Son et 

al using AdS/CFT correspondence 

1
4π

< ⟨η/s⟩ <
1

2π

1
4π

https://arxiv.org/pdf/2203.16352.pdf
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Review: Apolinario, Lee, Winn, https://arxiv.org/pdf/2203.16352.pdf

η/s ≈ 1/2π

η/s ≈ 2.5

If the QGP had  of water, the final 
state anisotropy would be isotropic!

η/s

https://arxiv.org/pdf/2203.16352.pdf
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Δx ≪ 1fm  
 Δp >> 1GeV 

“Free quarks and gluons”

Δx ≈ 1fm 
  Δp ⪅ 200MeV 

“Perfect Liquid”

How does long-wavelength behavior 
emerge from asymptotically free 

interaction at high T?

New question:

Cartoon from T. Schaefer



2015 NP LRP
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page 22

https://inspirehep.net/literature/1398831

Priority (2), beam energy scan, has been completed, leaving sPHENIX 
as remaining priority for completion of RHIC scientific mission 

two facilities: 

• RHIC (200 GeV collision energy)

• LHC (5400 GeV collision energy)

2015 NSAC Long Range Plan



19Wikipedia

Rule out structureless plum pudding Find structure in QGP

jet cartoons from Jing Wang, https://indico.cern.ch/event/900973/
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Jet in vacuum Jet in medium


Energy loss through medium interactions



22

Jet in medium


Broadly, two classes of energy loss 
models


• Weak coupling, pQCD

• collisional energy loss

• medium induced gluon radiation 
• Many different formalisms

• AMY, BDMPS-Z, HT, LBT, LIDO, SCETG, …


• Strong coupling, AdS/CFT

• Drag force in QGP “goo”

• Hybrid model 
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Jets in different selections Jets and charged hadrons 

Parton energy loss in QGP leads to suppression of yield of 
jets and charged hadrons compared to pp reference


Many other measurements by LHC and RHIC experiments
ATLAS, https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-009/fig_04.png

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-009/fig_04.png
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Again, model comparisons performed 
with Bayesian approach


But: Energy loss transport coefficient  
(kT kick per unit length) is highly model 
dependent: Large differences in  for 
different approaches using same input 
data


Models predict significant T dependence


̂q

̂q
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Improved data (particularly from RHIC!) 
will constrain  better within each model 


What is the most salient aspect of jet 
modification in QGP?


̂q
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What happens with the energy 
transported out of the jet cone into 
the medium?


 study medium response 
expected for the QGP liquid

→



27

Kinetic theory


•Deposited energy picked up by medium 
partons (“recoil”) leaving behind “holes”

•Thermalization through interactions among 
partons

Hydrodynamics


• Stay in strong coupling picture

• Deposited energy co-evolves with medium

• Diffusion wake (recoils) and negative wake 
(holes) 
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How can we test different pictures of 
energy loss and medium response?


There are many different 
measurements based on jet-hadron 
correlations, energy flow etc etc 


One example  Vary radius 
parameter in jet reconstruction


→
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vs.

Quenching of skinny vs fat jets? Coherent or incoherent interactions?

vs.

How can we test different pictures of 
energy loss and medium response?


There are many different 
measurements based on jet-hadron 
correlations, energy flow etc etc 


One example  Vary radius 
parameter in jet reconstruction


→
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CMS final: https://arxiv.org/pdf/2102.13080.pdf

Models match or slightly overestimate energy loss for small radius jets

Typical RAA measurements use R=0.3-0.4 
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CMS final: https://arxiv.org/pdf/2102.13080.pdf

Models have a very hard time describing R dependence

Need improved understanding of:

• medium response 

• fragmentation functions

• coherence effects
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Why is this so difficult?


Look at angular correlations of hadrons 
with high pT Z0


• Z0 will escape QGP unmodified

• Balancing jet will undergo energy loss

• Where do associated hadrons emerge?


 excess yield distributed over full 
azimuth

→

Models not only need to have right 
amount of energy loss, but also 
mechanism to transport energy/
particles across large angular range
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Can deflection of jets reveal  
quasiparticle structure of QGP?

Photon or  
Z boson

Quark
Gluon

Jet

Decorrelation of hadron-jet angular difference fo

in PbPb - likely caused by medium response, not 
deflection of initial/leading parton 

But what about QGP structure?



R = 0.8

R = 0.4

Yi Chen, Kaya Tatar, YJL 
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Instead of jet deflection, study modification of jet structure

Compare winner-take-all and 

E-scheme jet axes. WTA more 
sensitive to momentum kicks


Much higher sensitivity for lower pT 
-jet events at RHIC vs LHC for large 

radius jets
γ

RHIC LHC

ΔR

ΔR

ΔR

RΔ
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Use open heavy-flavor hadrons to 
measure in-medium drag force

Wikipedia

Prompt D0

π±

PLB 816 (2021) 136253

v2 for different flavors

PbPb (5.02 TeV)

JHEP 1809 (2018) 006

Key measurements: HF hadron yields, 
flow coefficients, correlations
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Xin Dong, YJL, Ralf Rapp, Ann.Rev.Nucl.Part.Sci. 69 (2019) 417-445

Diffusion coefficient can be calculated in 
a broad range of theoretical approaches 
from pQCD to Lattice


Many models predict significant T 
dependence


Many are ruled out


“Allowed” region based on Bayesian 
analysis of D0 RAA and v2 data (Bass et al, 
Duke)


Use charm diffusion constant 
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Study within Bayesian model using 
pseudo-data shows that more precise 
data can provide clear constraint on T 
dependence


Within reach in with present expt’sXin Dong, YJL, Ralf Rapp, Ann.Rev.Nucl.Part.Sci. 69 (2019) 417-445



38

Another new direction:
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Another new direction: X(3872) - will it blend?

First observation of X(3872) in heavy-ion collisions

Significance 4.2σ

PLB 590 (2004) 209

PRD 71 (2005) 014028

EPJA 47 (2011) 101

PRL 128 (2022) 032001
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 (7 TeV)pp
|y| < 1.2 (CMS)

 (8 TeV)pp
|y| < 0.75 (ATLAS)

 (5.02 TeV)PbPb
|y| < 1.6, 0-90%

CMS
Prompt

 (PbPb 5.02 TeV)-11.7 nb

ρPbPb = 1.08 ± 0.49 (stat.) ± 0.52 (syst.)

PRL 126 (2021) 092001

X(3872)/ψ(2S) PRL 128 (2022) 032001

PbPb

ReRecall importance of coalescence (Puccio)
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Unique point in time: 

• Run 3 at LHC w/ major upgrades for ALICE, small upgrades 

for other experiments

• Run 24, 25 at RHIC, with new experiment, sPHENIX, and 

major upgrades for STAR


Will collect more heavy-ion data at LHC, RHIC from ’23 to ‘26 
than in the decade(s) prior!

Luciano Musa, Quark Matter 2023, Houston



42

13 countries

80 institutions

350 collaborators
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Detector design, computing effort and run schedule focussed on these goals
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RHIC IR8 in 2016: PHENIX
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RHIC IR8 in 2018
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RHIC IR8 in April 2023: sPHENIX



G. Roland - Physics Council March 20, 2023 47



G. Roland - Physics Council March 20, 2023 48

First hadronic calorimeter at

RHIC for jet measurements

State of the art 3-layer 

MAPS micro vertex detector

1.4T Superconducting solenoid

SRO tracker 

(MVTX, INTT, TPC)
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Time Projection chamber

Central Au+Au collision

at  GeVsNN = 200
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Dijet event in calorimeter system

(no background subtraction)
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Matching of cosmic ray muon tracks from inner silicon detectors to microMega TPC 
outer tracker   essential tool for correction of TPC space charge distortions→
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What is this?
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IR8 DX magnet “splice can” after 7/31/2023 magnet quench

n.b. energy stored in RHIC magnets at full field is ~130 MJ
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RHIC and sPHENIX will be back:  

Repairs are essentially completed


RHIC run 24 scheduled to begin mid-April

sPHENIX expects to collect 45/pb p+p data at  GeV


RHIC run 25 will begin in early 2025

sPHENIX goal is to collect > 6/nb of Au+Au data at  GeV


STAR will also take data with significantly improved DAQ (5kHz) and 
detector upgrades (inner TPC, forward upgrade) seeing first Au+Au data

s = 200

s = 200
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Quiz: What is this?



56



57

• Experiments continue to demonstrate surprising transport properties of QGP


• Combined effort and new techniques allow extraction of key transport 
coefficients with increasing precisions 


• Next years at RHIC and LHC will see vast increase in experimental precision


• will allow fine tuning of existing models


• high likelihood that new observables will challenge current theoretical 
approaches


