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First jets in sPHENX

V. Bailey (Poster)

50 years since QCD conceived 

40 years since NSAC recommended RHIC be constructed - whole 
report only 5-6 pages long

30 years LoI for ALICE submitted to CERN

0 years since sPHENIX ran for first time 

10 years since Electron-Ion Collider white paper - 
strictly speaking appeared arXiv in Dec 2012 

20 years since FAIR CDR was approved 

A time to celebrate in hot QCD
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Recommendation 1: The highest priority of the nuclear science community 
is to capitalize on the extraordinary opportunities for scientific discovery 
made possible by the substantial and sustained investments of the United 
States. We must draw on the talents of all in the nation to achieve this goal. 
This recommendation requires….completing the RHIC science program, pushing 
the frontiers of human knowledge. 

Recommendation 3: We recommend the expeditious completion of the EIC 
as the highest priority for facility construction. 

Strategic opportunities exist to realize a range of projects that lay the 
foundation for the discovery science of tomorrow. These projects include …
targeted upgrades for the LHC heavy ion program,…

From the NSAC LRP 2023 - released Oct 4
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LHC Beams@ALICE Run 1 and 2 (2009-2017)

Vipul Bairathi

Beam Energies and Colliding Systems at STAR

https://www.agsrhichome.bnl.gov/RHIC/Runs/

4PIC 2023

Wealth of datasets available
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RHIC: 
U+U, Au-Au, Ru+Ru, Zr+Zr, Cu+Cu, O+O, 
Cu+Au, He3+Au, d+Au, p+Au, p+Al, p+p 
Mostly at 200 GeV but Au-Au from 3-200 GeV

Much of this data is not yet completely mined

LHC: 
Pb+Pb, Xe+Xe, p+Pb, p+p 
For Pb+Pb mostly at 5.02 TeV 
HUGE datasets  
(significantly bigger at ATLAS and CMS)



Hot QCD: 6 Opportunities 
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V. Bailey (Poster)

1) Can We Understand the Phase Transition to QGP and EOS? 

2) Can We Detect the Initial Conditions (EM Field and Temperature)? 
3) Can We Understand the Nature of Parton Energy Loss to QGP? 
4) Can We Understand Small Systems? 
5) Can We Understand Nuclear/Hadron Structure? 
6) Can We Detect New Physics Via UPC?

Names in footer indicate a presenter at QM23. 
Review their presentations for more information  



Can We Understand the Phase 
Transition to QGP and EOS?
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Cross-over at low µB

Significant progress in 
extrapolating off µB = 0 
axis 

A. Pasztor, V. Vovchenko 

TU2023
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Cross-over at low µB

Significant progress in 
extrapolating off µB = 0 
axis 

Several calculations 
settling on CP at 

T~90-100 MeV 
µB~500-600 MeV 

√sNN = 3-5 GeV
But still CP might also not exist

A. Pasztor, V. Vovchenko 

TU2023

Disfavor QCD critical 
point at µB/T< 3



• Assume all particles described by 
same temperature T and µB  

• one ratio (e.g.,  �p / p ) 
determines µ / T : 

• A second ratio (e.g., K / π ) 
provides T → µ 

• Then all other hadronic ratios 
(and yields) defined

dni � e�(E�µB)/T d3p

p̄

p
=

e�(E�µB)/T

e�(E�µB)/T
= e�2µB/T

Moving around the phase diagram
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Number of particles of a given species related to temperature

K

�
=

e�EK/T

e�E�/T
= e�(EK�E�)/T

+
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Number of particles of a given species related to temperature

K

�
=

e�EK/T

e�E�/T
= e�(EK�E�)/T

Chemical Freeze-out temperature Tch 
close to that of Tpc at top energies

+



Varying trajectory through the phase diagram?
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With BES-II statistics and new TPC acceptance can explore rapidity dependence 

Higher rapidity —> 
larger µB, similar Tch

Chemical freeze-out parameters match but initial conditions differ.  
Can we see the difference imprinted elsewhere?

Next step: Compare mid-rapidity/low √sNN and high rapidity/high √sNN



Searching for CP
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Particle number density, N/V = =

Theoretically susceptibilities of conserved quantities (B,Q,S) can be calculated :

!N = N - ⟨N⟩

Focus on net-proton as proxy for net-baryon

Experiment measure event-by-event distribution 
of conserved quantities

Take ratios to remove volume and T dependence

κσ2 ="4/"2 



Hints of critical fluctuations 

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 11STAR: PRL 126 (2021) 92301, PRC 104 (2021) 024902, 
PRL 127 (2021) 262301, PRL 128 (2022) 202303

κσ2

 Scan from BES-I, 3 GeV from BES-II
Strong suppression at √sNN = 3 GeV    
    consistent with UrQMD which has no CP
    consistent baryon number conservation and volume  
             fluctuations Suggestive of predicted 

signature of CP



Hints of critical fluctuations 

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 11STAR: PRL 126 (2021) 92301, PRC 104 (2021) 024902, 
PRL 127 (2021) 262301, PRL 128 (2022) 202303

κσ2

 Scan from BES-I, 3 GeV from BES-II
Strong suppression at √sNN = 3 GeV    
    consistent with UrQMD which has no CP
    consistent baryon number conservation and volume  
             fluctuations Suggestive of predicted 

signature of CP

Cumulant ratios sensitive to nature of phase transition 
√sNN =7.7-200 GeV: falling trend with rising order 
      -  trend in agreement with Lattice with PT 
√sNN = 3 GeV (FXT):  rising trend with rising order     
      -  trend in agreement with UrQMD no PT



Evidence for partonic degrees of freedom
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mesons

baryons

mT =
�

p2
T + m2

0

• Elliptic flow is additive 
• If partons are flowing the 
complicated observed flow 
pattern in v2(pT) for hadrons 

should become simple at the 
quark level  
pT → pT /n  
v2 → v2 / n     
n = (2, 3) for (meson, baryon) Au-Au 200 GeV
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mT =
�

p2
T + m2

0Constituents of QGP are partons

Works for p, π, K0s, Λ, Ξ.. 
v2s ~ v2u,d ~ 7%

• Elliptic flow is additive 
• If partons are flowing the 
complicated observed flow 
pattern in v2(pT) for hadrons 

should become simple at the 
quark level  
pT → pT /n  
v2 → v2 / n     
n = (2, 3) for (meson, baryon) Au-Au 200 GeV



NCQ of elliptic flow 
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Vipul Bairathi

Elliptic Flow and Partonic Collectivity
BES II

23PIC 2023

Using BES-II data high precision now available for multi-strange 

NCQ scaling holds at √sNN = 7.7 GeV and above 
Better for anti-particles (~10%) than particles (~20%)  
Similar trends observations for v3 



Anisotropic Flow of Identified Particles at    
!!! = 3 – 19.6 GeV

Rosi Reed - Quark Matter 2023 8
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NCQ of elliptic flow 
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Vipul Bairathi

Elliptic Flow and Partonic Collectivity
BES II

23PIC 2023

Using BES-II data high precision now available for multi-strange 

NCQ scaling holds at √sNN = 7.7 GeV and above 
Better for anti-particles (~10%) than particles (~20%)  
Similar trends observations for v3 Partonic for √sNN = 7.7 and above 

Hadron dominated below √sNN = 3.2NCQ scaling fails at √sNN = 3.2 GeV and lower



What carries baryon number?
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1
Quarks as baryon

carriers?
Baryon-junction as 

baryon carrier?
fig: Suganuma et al.
AIP Conf.Proc. 756 

(2005) 1, 1231/3 1/3

1/3

If baryon number carried by:
Valence quarks   - B/Q  = A/Z  
Baryon junctions -  B/Q  > A/Z 
Use Isobar data:

Ru+Ru: A = 96, Z = 44 
Zr+Zr:   A = 96, Z  = 40

∆Q = QRu - QZr
∆Z = ZRu - ZZr

Measure B/∆Q   
 Calculate ∆Z/A



Data currently favor baryon junctions

What carries baryon number?
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Softening of Equation of State
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Fermi-Landau initial conditions with ideal hydro expansion :  cs2 =  ∂P/∂ε

Radial Flow, and softening of  EoS 

A. Rustamov, CPOD 2016, Wroclaw, Poland 
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consistent results 
however:  
1. minimum is not  
    well defined 
2. similar behavior  
    for p+p! 
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cs2 = 0 for a  sharp phase transition 

Softest Point: minimum in cs2

Confirm cs in other ways?

Christopher Flores
QM2015 September 29, 2015

STAR sees an increase in the ratio 

of the measured pion width to the 

predicted hydro width confirming 

trend of previous NA49 

measurements.

Dale Observable

12

E895: J. L. Klay et al, PRC 68, 05495 (2003)
NA49: S. V. Afanasiev et al. PRC 66, 054902 (2002)
BRAHMS: I.G. Bearden et al., PRL 94, 162301

STAR Data points include both 

statistical and systematic errors.
σ

y
(hydro): P. Carruthers and M. Duong-van, Phys.Lett. B41, 597 (1972)

All rapidity density spectra have been 
fit with single Gaussian Functions.

All rapidity density spectra have been 
fit with single Gaussian Functions.

Minimum observed at √s = ~7 GeV 
Minimum in the speed of sound? 

cs2 ~ 0.26 
C. Flores QM15

Indication of softening of EoS?

NA61/SHINE see minima in similar place for pp data
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Simple but elegant analysis 

Focus on ultra-central events - avoid 
geometry fluctuations 

Speed of sound in QGP



Too good to be true?

Up to the field to run with this 
ALICE: Less pT extrapolation 
             Does particle species matter? 
What about other systems?
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Simple but elegant analysis 

Focus on ultra-central events - avoid 
geometry fluctuations 

Speed of sound in QGP



Strange resonance production
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Ratios suggest hadronic phase is long, 
rescattering cross-section also important



 Can We Detect the Initial Conditions 
(EM Field and Temperature)? 



Suppression determined by T and binding energy

Quarkonia - QGP thermometers
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Charmonia: J/ψ, Ψ’, χc  
Bottomonia: ϒ(1S), ϒ(2S), ϒ(3S)

Ebinding (GeV)

J/ψ 0.64

ψ’ 0.05

χc 0.2

ϒ(1S) 1.1

ϒ(2S) 0.54

ϒ(3S) 0.31

Color screening of static potential 
between heavy quarks  
(Matsui and Satz, PLB 178 (1986) 416) 

Color Screening

cc

Formed only in the very 
early stages of the collision 
due to their high masses



Sequential melting of quarkonia
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STAR:PRL 130 (2023) 112301, O. Kukral, C. Da Silva



Sequential melting of quarkonia
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 Most lightly bound states have melted 
at LHC and top RHIC

T > 1.5 Tc  ~ 300 MeV
CMS:PRL 109 (2012) 222301, PLB 835 (2022) 137397
STAR:PRL 130 (2023) 112301, O. Kukral, C. Da Silva



Sequential melting of quarkonia
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 Most lightly bound states have melted 
at LHC and top RHIC

T > 1.5 Tc  ~ 300 MeV
CMS:PRL 109 (2012) 222301, PLB 835 (2022) 137397
STAR:PRL 130 (2023) 112301, O. Kukral, C. Da Silva

5 vector quarkonia states

40

• First observation of  in AA collisions 
• Stronger suppression at low binding energies

Υ(3S) Ota Kukral’s talk 
Wed, 17:10, Ballroom D 

HIN-21-007 Submitted to PRL
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 Most lightly bound states have melted 
at LHC and top RHIC

T > 1.5 Tc  ~ 300 MeV
CMS:PRL 109 (2012) 222301, PLB 835 (2022) 137397
STAR:PRL 130 (2023) 112301, O. Kukral, C. Da Silva

Eagerly awaiting statistics for sPHENIX to 
report on ϒ(3S)

5 vector quarkonia states

40

• First observation of  in AA collisions 
• Stronger suppression at low binding energies

Υ(3S) Ota Kukral’s talk 
Wed, 17:10, Ballroom D 

HIN-21-007 Submitted to PRL



What about the initial temperature?
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Di-leptons probe medium over its whole evolution. Escape medium without interacting (no color charge)

Two for the price of one:
   Different di-lepton invariant mass ranges 
probe different times 

Production rate proportional to QGP temperature
: Early time measurement

ρ spectral function broadens when sitting in hot bath
: Later time measurement



Significant enhancement above cocktail
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Low mass range Clear enhancement for 
LMR and IMR

N. Schild

Intermediate mass range



Dilepton Spectra and Flow from Ag+Ag

04.09.2023 Quark Matter 2023 - Houston - Simon Spies for the HADES collaboration 9

• Negative π0 flow observed at Mee < 120 MeV

• v2 becomes 0 at Mee > 120 MeV → Dileptons are penetrating probes
Poster by Niklas Schild: 

Contribution 683

π0

We’ve identified a penetrating probe with no boost

When Mee  above pion mass: 
 no collectivity exhibited 

Significant enhancement above cocktail

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 22

Low mass range Clear enhancement for 
LMR and IMR

N. Schild

Intermediate mass range



Extracting the temperatures
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Low mass range: Similar mass spectrum, similar T,
                              in-medium ρ produced and broadened in similar heat bath from √sNN =17-56 GeV



Extracting the temperatures

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 23

Low mass range: Similar mass spectrum, similar T,
                              in-medium ρ produced and broadened in similar heat bath from √sNN =17-56 GeV

Something different starts to happens below 20 GeV

Intermediate mass range:  T(√sNN =54.6) = 338 ± 59 MeV ~ T(√sNN =27) = 301± 60 MeV
                                           T(√sNN =17) ~ 246 MeV



Initial vs Freeze-out temperature
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LMR : Extracted T in 
agreement with statistical 
model fits 

HMR : Closer to initial T

Alternative ways to access 
early T?  

Especially at low √sNN



The spinning QGP
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Isaac Upsal – June 2016 3

• |L| ~ 105 ħ in non-central collisions

• Does angular momentum get distributed 
thermally?

• Does it generate a “spinning QGP?”
• consequences?

• How does that a?ect @uid/transport?
•  

• How would it manifest itself in data?

|L| ~ 105 in peripheral collisions

We generate a “spinning” QGP? 

Spectators create a large magnetic field 

Can we see any manifestation of this in the data?

~! = ~r⇥ ~v

How does that affect fluid/transport? 
Vorticity - local spinning motion

Viscosity dissipates vorticity to fluid at larger scales

~! 6= 0 ~! = 0
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Precision measurements from 3-5000 
GeV: Global trend emerges

Zr+Zr
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Precision measurements from 3-5000 
GeV: Global trend emerges

No system dependence at fixed centrality

Zr+Zr



Splitting of hyperon polarization
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Late stage magnetic field should cause splitting 
in (anti)Λ polarization 

No splitting observed over wide range of beam 
energies 

None in Isobar data either 

At 95% confidence level late stage magnetic 
field 

       #(19.6 GeV) < 9.4×1012 $  

       # (27 GeV)< 1.4x1013 $ 

X. Gou

Does magnetic field die away too quickly? 
Can we probe at earlier time?

(Initial field 1014-1016 T)



Aditya Prasad Dash, Sep 06, 2023Quark Matter 2023

200 GeV

27 GeV

19.6 GeV

14.6 GeV

7.7 GeV

200 GeV

27 GeV

19.6  GeV

14.6  GeV

7.7 GeV

200 GeV

27 GeV

19.6 GeV

14.6 GeV

7.7 GeV

Beam energy dependence for a given particle

10

➢ Δ(dv1)/dy in peripheral collisions is more negative at lower collision energies for each species 

Directed flow difference

Helen Caines - Yale - RHIC-BES online seminar series - Oct 10 2023 28

Difference in particle-anti-particle slope: 
      Increases with decreasing centrality - Higher B-field 
      Increases with decreasing beam energy  - Increasing crossing time 
      Has species dependence - transported vs created quarks

A.P. Dash: STAR QM Talk

Different effects 
can/do dominate 

in different 
regimes - Have 

precision to 
hopefully 

disentangle 



Net-proton cummulants at LHC
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Lattice calculations suggest 
susceptibilities sensitive to initial 
EM field

I. Fokin

H.-T. Ding et al., arXiv:2208.07285



Net-proton cummulants at LHC

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 29

Lattice calculations suggest 
susceptibilities sensitive to initial 
EM field

I. Fokin

First measurement above 2 GeV/c 
Fluctuation in high p range increases in 
peripheral events - B-field largest 

ALI-PREL-550875

More discussion with theory and 
measurement in pp needed

H.-T. Ding et al., arXiv:2208.07285



Can We Understand the Nature 
of Parton Energy Loss to QGP?



Precision quenching measurements
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RAA in 0-60% central events
(Npart>20) decrease with Npart

Same RAA at same Npart regardless of 
system

Deviation from trend starting at Npart ≲20
  Event selection bias in    
  peripheral events causes 
  artificial suppression?
  - HG-PYTHIA qualitatively gets trend but 
predicts steeper drop

STAR: PRL 91, 172302 (2003), PRL 91, 072304 (2003),
PRC 81, 054907 (2010) Loizides & Morsch, PLB 773 (2017) 408-4

Jet quenching linear with log(Npart)



Nuclear modification of jets
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Charged jet results at same pT for RHIC and 
LHC (N.B. scale by ~1.5 to get to full jet 
equivalent pT) 

Similar RAA for both collision energies



Nuclear modification of jets
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A. Angerami for the ATLAS Collaboration, Quark Matter 2023
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[PLB 790 (2019) 108]

16

Jet suppression: photon-tagged jets 
Flavor dependence of energy loss

 for -tagged jets 
arXiv:2303.10090

RAA γ

Access this 
experimentally by 
measuring  for 
jet events: higher 
quark fraction

RAA γ−

See talk by C. Mcginn 
Wed. 8:50

 ∼ 9
4 ×Expect gluon jets to lose more 

energy than quark jets, naively:

~ 80% quark jets

~ 40—50 % quark jets

New for 
QM23

Clear difference in RAA for 
inclusive and γ-tagged jets 

In both cases interpretation 
complicated due to differing 
slopes of pp baselines

Charged jet results at same pT for RHIC and 
LHC (N.B. scale by ~1.5 to get to full jet 
equivalent pT) 

Similar RAA for both collision energies



Energy loss of jets to QGP

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 33C. McGinn

Estimating per-Jet Energy Loss
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ΔpT (RHIC)  < ΔpT (LHC)   
ΔpT (quark)  < ΔpT (g)   
    - Interesting to go in an unfold to “true” ΔpT of q and g 

ΔpT removes effect of changing pp spectra - first performed by PHENIX

Need to also understand variation in ELoss per jet from theory and experimental side

Measurement of �+jet and ⇡0
+jet in central Au+Au collisions at

p
sNN = 200 GeV with the STAR experiment

Nihar Ranjan Sahoo (for the STAR Collaboration)

5 10 15 20 25

0.1

1

   
  R

=0
.5

   
   

   
   

   
   

 

Au+Au 200 GeV, 0-15%
| < 1-R

jet
η, |Tanti-k

 < 11 GeVtrig

T
+jet: 9 < E0π

[PRC 96, 924905 (2017)] < 30 GeV/c trig

T
h+jet: 9 < p

STAR Preliminary

5 10 15 20 25
 [GeV/c]ch

T,jet
p

0.1

1

   
   

   
   

   
   

   
   

   
 R

=0
.2

 / 
   

   
   

   

 < 20 GeVtrig
T

+jet: 15 < E
dir
γ

PYTHIA-8, pp 200 GeV
PYTHIA-6 STAR tune, pp 200 GeV 2−

0

2

4

6

8

10

12

 [G
eV

/c
]

T,
je

t
 p

Δ-

+jet
dir
γ +jet0π Inclusive jet h+jet h+jet

RHIC-STAR LHC-ALICE
Au+Au 200 GeV Pb+Pb 2.76 TeV

:10-20 GeV/cch
T,jet

p :10-20 GeV/cch
T,jet

p :15-25 GeV/cch
T,jet

p :10-20 GeV/cch
T,jet

p :60-100 GeV/cch
T,jet

p
STAR Preliminary arXiv:2006.00582 PRC 96 (2017) 024905 JHEP09 (2015) 170

R=0.2
R=0.4
R=0.5
PYTHIA-6 STAR tune pp reference

PYTHIA-8 pp reference

Figure 4: Left panel: Ratio of recoil jet yields for R = 0.2 and 0.5 as a function pch
T,jet. Upper: h+jet and

⇡0+jet. Lower: �dir+jet. Right panel: The pch
T,jet shift (-� pch

T,jet) for �dir+jet, ⇡0+jet, inclusive jet, h+jet
measurements at RHIC, and h+jet at the LHC. Note the di�erent pch

T,jet ranges.

Figure 3 compares IPYTHIA�8
AA and IPYTHIA�6

AA for �dir triggers with 15 < E trig
T < 20 GeV. Compar-

ison is also made to theoretical model calculations [9–11], which predict di�erent pT dependence
to those observed in data.

Figure 4, left panel, shows the ratio of recoil jet yields for R = 0.2 and 0.5 measured in
central Au+Au collisions with both �dir and ⇡0 triggers. This ratio is sensitive to the jet transverse
profile [6, 12]. The �dir-triggered ratio is consistent with a calculation based on the PYTHIA-6 STAR
tune, indicating no significant in-medium broadening of recoil jets whereas a notable quantitative
di�erence is observed between Au+Au and PYTHIA-8. The ratios for ⇡0 and charged-hadron
triggers measured in central Au+Au collisions are consistent within uncertainties.

Jet quenching is commonly measured by yield suppression at fixed pT (RAA and IAA). However,
these ratio observables convolute the e�ect of energy loss with the shape of the spectrum. To
isolate the e�ect of energy loss alone we convert the suppression to a pT-shift, -�pch

T,jet, enabling
quantitative comparison of jet quenching measurements with di�erent observables, and comparison
of jet quenching at RHIC and the LHC. Figure 4, right panel, shows -�pch

T,jet from this measurement,
compared to those of inclusive jets and h+jet at RHIC, and h+jet at the LHC [6, 12–14]. The energy
loss from the RHIC measurements is largely consistent for the di�erent observables, with some
indication of smaller energy loss for R = 0.5 than for R = 0.2 considering PYTHIA-8 for the vacuum
expectation. In addition, the results from R = 0.2 measurements at RHIC are comparable to those
from inclusive ⇡0 [15]. An indication of smaller in-medium energy loss is observed at RHIC than
at the LHC.

In summary, we have presented the analysis of semi-inclusive charged-jet distributions recoiling
from �dir and ⇡0 triggers in central Au+Au collisions at p

sNN = 200 GeV. Significant yield
suppression is observed for recoil jets with R = 0.2, and a less suppression is seen for R = 0.5
using PYTHIA-8 as pp reference. However, the di�erence between PYTHIA-8 and PYTHIA-6
precludes quantitative conclusions. On the other hand, a definitive conclusion on in-medium jet
broadening from the ratio of recoil jet yields at di�erent R can be drawn when the vacuum reference
will be resolved by the same measurements in pp collisions at 200 GeV, currently in progress.
Theoretical calculations of jet quenching predict a di�erent pT-dependence of the suppression than

4

N.Sahoo (STAR) HP 2020



Energy loss vs energy density
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Given number of approximations 
reasonably reasonable correlation 

between ELoss and εinit over different 
species and collision energies

Link between entropy and charged particle 
density very sensitive to viscosity.

Maybe worth more careful calculation?

ELoss from: shift of pT spectra 

Approximate energy density from:  

dNch/dη  —> dS/dy —> sf τf = dS/dy/AT  = sinit τinit 

                            εinit =  3/4 sinit Tint

ALICE

STAR

Preliminary

More details on estimates see 2308.05743 J. Harris & B. Muller

PHENIX



Exploiting bayesian inference
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Advances continue - especially via 
JETSCAPE (but not only) 

Now includes jet RAA and substructure 
measurements 

Some tension when include hadron RAA



Exploiting bayesian inference

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 35R.Ehlers

Advances continue - especially via 
JETSCAPE (but not only) 

Now includes jet RAA and substructure 
measurements 

Some tension when include hadron RAA

Some physics missing? 
Uncertainties incorrect? 

Theory uncertainty critical? 
All of the above?
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Probing energy flow in jets
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N-point Energy Correlators
Perturbative region grows as jet pT increases 
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Probing energy flow in jets
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N-point Energy Correlators

Scaling by jet pT: universal transition point 
  - HF jets’ transition point affected deadcone

Perturbative region grows as jet pT increases 
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Probing energy flow in jets
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N-point Energy Correlators

Scaling by jet pT: universal transition point 
  - HF jets’ transition point affected deadcone

Perturbative region grows as jet pT increases 

Ratio of 3-point/2-point correlators:

Decrease in slope at large ΔR with increasing jet pT 

    consistent with running of αs

ENC behavior understood in vacuum from 15 -1784 GeV



Sensitivity to medium effects

How does more realistic simulation look?

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 37

Medium-induced 
radiation effects only at 
small angles 
θonset independent of q

 C. Andres

First study using static toy model and no background
θc - decoherence angle, θL - where formation time longer than L

 ̂

Collaborations hard at work on these 
measurements, expect first results soon



Can We Understand Small 
Systems?



I.Arsene | Quark Matter '23
11

Elliptic flow in small systems

● Mass ordering for v2 at low pT

● Baryon-meson grouping at intermediate pT

● v2 – pT correlation used to probe the initial stage 
● Separate between geometric response vs Color-Glass Condesate ?

Mingrui Zhao
Tuesday 15:10 (457)

p-Pb

pp p-Pb Pb-Pb
Small system flow
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Low pT - mass ordering


Intermediate pT - NCQ scaling

B. Schenke, M.Zhao



I.Arsene | Quark Matter '23
11

Elliptic flow in small systems

● Mass ordering for v2 at low pT

● Baryon-meson grouping at intermediate pT

● v2 – pT correlation used to probe the initial stage 
● Separate between geometric response vs Color-Glass Condesate ?

Mingrui Zhao
Tuesday 15:10 (457)

p-Pb

pp p-Pb Pb-Pb
Small system flow
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Low pT - mass ordering


Intermediate pT - NCQ scaling

B. Schenke, M.Zhao

v2 and v3 differences at RHIC largely due 
to use of different rapidity ranges

3+1D Hydro critical for comparisons 
 - medium not boost invariant over 

large rapidity ranges



A. Angerami for the ATLAS Collaboration, Quark Matter 2023 8

‣ Is the ridge associated with jet production? 
‣ Define two-particle correlations among particles from different 

categories: UE or associated with jet 
- Careful to remove UE contribution to correlation within jet cone 

‣ Also study different event selection related to jets

Hard-soft correlations 
2PCs with jets in pp collisions

Final for 
QM23

Sensitivity of 2PCs to hard 
scattering in pp collisions 

arXiv:2303.17357

See talk by S. Mohapatra 
Wed. 5:50
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UE in both pp and pPb : strong v2   

jet constituent - UE in pPb:  v2 = 0  
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‣ Is the ridge associated with jet production? 
‣ Define two-particle correlations among particles from different 

categories: UE or associated with jet 
- Careful to remove UE contribution to correlation within jet cone 

‣ Also study different event selection related to jets

Hard-soft correlations 
2PCs with jets in pp collisions

Final for 
QM23

Sensitivity of 2PCs to hard 
scattering in pp collisions 

arXiv:2303.17357

See talk by S. Mohapatra 
Wed. 5:50
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UE in both pp and pPb : strong v2   

jet constituent - UE in pPb:  v2 = 0  

But…
We’ve also observed v2 of 
high pT charged hadrons

So what is high pT v2?  mini-jets? 
Different analysis sensitivities?



Collectivity within a jet?
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• In rotated reference frame, calculate two particle correlation using jet constituents 

• v2 well described by MC for <80 

• Upward trend seen for >80  

• Potential sign of collectivity in jets? 

Njet
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Njet
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In-jet v2 with respect to the jet axis

58

CMS PAS HIN-23-013

Parker Gardner’s talk 
Wed. 12:00, Ballroom C 

v2 also reported between constituents 
within jet  

 Well described by theory for Nconst < 80 

 Dramatic uptick for Nconst > 80 

Density high enough in jet cone that 
partonic scatterings occurring during 

fragmentation?
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or small corner of fragmentation not quite modeled? 
    Can change the v2 in PYTHIA in this region via different parameters 
         - While these parameters don’t reproduce other variables, maybe others  
            can do both

Different PYTHIA 
tunes
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‣ Measure using 
 

‣ Can repeat previous 
mapping but separately 
for effective 

pT avg , yb, y⋆

xp, xPb

Geometry and hard-soft correlations 
Updates from a curious scaling relation in  p + Pb

08/10/2023Longo, Sickles, Tate
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- Per-event dijet yields in 
central (0-10%) and 
peripheral (60-90%) 
collisions 

- “Ingredients” used to 
construct the  in 
di!erent kinematic 
bins (together with 
the TAB) 
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Centrality dependence of 
dijet yields in p+Pb 
arXiv:2309.00033

Final for 
QM23

See talks by 
B. Gilbert Wed. 3:00 
P. Potepa  Wed. 5:50 
and poster by R. Longo
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NOMINAL

Energy loss to p(d)-Au medium?

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 42D. De Souza Lemos, D. Firak, B. Gilbert, R. Longo, P. Potepa

ATLAS di-jet studies:  centrality 
dependence of jet yield initial (xp), not 
final, state effect! 

CMS: no di-jet imbalance, no ELoss 
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‣ Measure using 
 

‣ Can repeat previous 
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for effective 
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yb ≡ 1
2 (yCM

1 + yCM
2 )

y⋆ ≡ 1
2 yCM

1 − yCM
2

Centrality dependence of 
dijet yields in p+Pb 
arXiv:2309.00033

Final for 
QM23

See talks by 
B. Gilbert Wed. 3:00 
P. Potepa  Wed. 5:50 
and poster by R. Longo
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NOMINAL

Energy loss to p(d)-Au medium?

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 42

PHENIX:
 Show usual techniques to determine Nbin
 so now determine by forcing RdAu γ to unity 
Strong suppression of π0 in high multiplicity events

D. De Souza Lemos, D. Firak, B. Gilbert, R. Longo, P. Potepa

ATLAS di-jet studies:  centrality 
dependence of jet yield initial (xp), not 
final, state effect! 

CMS: no di-jet imbalance, no ELoss 

Not clear there’s a consistent picture 
across collision energies yet



Can We Understand Nuclear/
Hadron Structure? 



f0(980) quark content

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 44

Longstanding question “is the f0 a diquark, molecular, or tetraquark?” 

A. Gu, S. Padhan

 Difficult/impossible question to answer 
theoretically - up to experiments to answer
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f0(980) quark content

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 44

Longstanding question “is the f0 a diquark, molecular, or tetraquark?” 

A. Gu, S. Padhan

 Difficult/impossible question to answer 
theoretically - up to experiments to answer

Elliptic flow: 
Scales when nq = 2 

In p-Pb

f0/K*0 ratio : 
consistent with 
calculation assuming 
|S| = 0  [(uu + dd)/2] Both results suggest f0 is a di-quark¯¯



Substructure of oxygen

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 45S. Huang

Data strongly favor alpha-clustering 

v2{2}  - sensitive to fluctuations

v2{4}  - reduced sensitivity to fluctuations

Data: 
in central event but fluctuations 
enhanced, (v2 reduced overall)

Theory: 
Alpha clusters enhance fluctuations



Can We Detect New Physics Via 
UPC?



UPC: Explosion in studies over past 10 Years

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 47

Exploiting both γγ and γ-A collisions
J.D. Brandenburg
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Recent aµ (al = 1/2(g − 2)l) measurements challenge SM predictions. 
If new physics and due to massive new particle, then % would be much more sensitive 

95% CL −0.057<aτ <0.024aτ= 0.001-0.089+0.055 at 68% CL

 First uses of hadron-collider data to test EM properties of %  
Results are competitive with existing lepton-collider constraints

Anomalous magnetic moment of % lepton



Evidence for gluon saturation

Helen Caines - Yale -  CFNS Postdoc Meeting - Stony Brook - Oct 18 2023 49X. Chu, J. Lin

J/ψ photo-production: 

  - CMS access to new W range   

  - Shape of coherent &γA→J/ψA’(') not predicted 
by models

  - Gluon saturation? black disk limit? 




Evidence for gluon saturation
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Suppression of di-π0 correlations in pA  

   - Dependence on A as predicted


 - No broadening, not as predicted


PRL 129, 
092501 (2022)


X. Chu, J. Lin

Hints saturation RHIC and LHC 
- unique opportunity with STAR forward upgrades prior 
to EIC. Important to have pA before RHIC stops

J/ψ photo-production: 

  - CMS access to new W range   

  - Shape of coherent &γA→J/ψA’(') not predicted 
by models

  - Gluon saturation? black disk limit? 




Summary
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Yale group past and present are excited to be involved - hope you are CFNS are too
Much is understood, but lots left to discover!

Precision era has been reached 
Wealth of high quality data across √sNN, species and centralities are allowing detailed 
studies that highlight underlying physics we could previously gloss over 
Next few years: New data from sPHENIX, STAR forward, LHC Run-3 
Next-to-Next few years:  EIC, ALICE-3, and CBM 


