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By the end of today’s talk I aim for you to be able to discuss at dinner : 

How measurement XYZ changed your “world view” of nuclear physics 
How smaller doesn’t always mean simpler 
How much there is left to understand about heavy-ion collisions 
despite so many results already existing 
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Other fascinating facts 
established about the QGP 



~! = 0~! 6= 0

We generate a “spinning” QGP? 

Spectators create a large B field
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The spinning QGP

3

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

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

(              )/2
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T. Niida, RHIC&AGS Annual Users Meeting 2020  2

Orbital angular momentum

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005) 

L

reaction plane

L = r⇥ p

⇠ bA
p
sNN ⇠ 106~
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Strong magnetic field

D. Kharzeev, L. McLerran, and H. Warringa,  
Nucl.Phys.A803, 227 (2008) 
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 

B

B ⇠ 1013 T

(eB ⇠ m2
⇡ (⌧ ⇠ 0.2 fm))

<latexit sha1_base64="M57Jw2SWFxvE8peHZsYuobPdjBA="></latexit><latexit sha1_base64="M57Jw2SWFxvE8peHZsYuobPdjBA="></latexit><latexit sha1_base64="M57Jw2SWFxvE8peHZsYuobPdjBA="></latexit><latexit sha1_base64="M57Jw2SWFxvE8peHZsYuobPdjBA="></latexit>

Important features in non-central heavy-ion collisions

wikipedia

B ⇠ 0.1� 0.5 T
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typical magnet         magnetar    
→Chiral magnetic effect/wave 
   Particle polarization

→Chiral vortical effect          
→Particle polarization

Measuring Λ Global Polarization

4

Direction of L:  
Estimate from 1st order reaction plane
Λ Polarization 
Self analyzing 
Decay p preferentially emitted in Λ spin direction  
Decay p preferentially emitted against Λ spin direction 

• Sigma feed-down tends to dampen the effect 

Λ and Λ spins aligned with L → Vortical or QCD spin-orbit
• Sigma feed-down goes with the primaries 

Λ anti-aligned, Λ aligned with L → µH - B coupling
Pvortical =

1

2
(P⇤ + P⇤̄)

PEM =
1

2
(P⇤ � P⇤̄)

Global polarization (alignment of spin with collision 
system angular momentum) 

_ _

_

_
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Λ+Λ Λ Λ
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    Au+Au 10-40%Λ
    Ag+Ag 10-40%Λ

ALICE PRC101.044611 (2020)
Λ     Pb+Pb 15-50%Λ

STAR Preliminary

19.6 GeV (Λ + Λ)

FXT 
7.2 GeV

(Λ)
_

P 
[%

]

3 GeV
(Λ)

FXT

vs.

Global Λ polarization

5

Precision measurements have now 
been made from √sNN=3-5000 GeV:  

QGP is non-central collisions 
is highly vortical:  ω ~1022 s-1

How fast is that compared to the 
most powerful tornado? 
a) slower 
b) about the same 
c) 1000 times faster 
d) billion times fast 
e) even faster  

STAR:Nature 548, 62 (2017)

https://www.nature.com/
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Precision measurements have now 
been made from √sNN=3-5000 GeV:  

QGP is non-central collisions 
is highly vortical:  ω ~1022 s-1

How fast is that compared to the 
most powerful tornado? 
a) slower 
b) about the same 
c) 1000 times faster 
d) billion times fast 
e) even faster  

ten billion trillion times faster  
STAR:Nature 548, 62 (2017)

https://www.nature.com/
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Precision measurements have now 
been made from √sNN=3-5000 GeV:  

QGP is non-central collisions 
is highly vortical:  ω ~1022 s-1

How fast is that compared to the 
most powerful tornado? 
a) slower 
b) about the same 
c) 1000 times faster 
d) billion times fast 
e) even faster  

ten billion trillion times faster  
STAR:Nature 548, 62 (2017)

. . . the hottest,  densest, least viscous, most 
vortical fluid produced in the laboratory . . . 
 have several Guinness world records

https://www.nature.com/
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Splitting of hyperon polarization?

6

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

No splitting observed over wide 
range of beam energies 

At 95% confidence level late stage 
magnetic field 

       !(19.6 GeV) < 9.4×1012 "  

       ! (27 GeV)< 1.4x1013 " 

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

NB: Initial field 1014-1016 T
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Net-proton cummulants at LHC

7

Lattice calculations suggest susceptibilities sensitive to initial EM field

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., PRL 132 (2024) 201903
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Speed of sound in QGP

8CMS: Rep. Prog. Phys. 87 (2024) 077801

Simple but elegant analysis 

Focus on ultra-central events - 
avoid geometry fluctuations 

Data in excellent agreement 
with lattice QCD

http://dx.doi.org/10.1088/1361-6633/ad4b9b
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Speed of Sound: life is never that simple

9

cs2 extracted depends strongly on centrality estimator 
- more studies needed



Moving to small systems 
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p-A: our control “Cold QCD” data

11
ALICE: PRL 110, 032301 (2013), ALICE: PRL 110, 082302 (2013), 
STAR: PRL 91. 072304 (2003), PHENIX: PRL 91 (2003) 072303 

18Cronin effect at RHIC and LHC
ALICE, PRL 110 (2013) 082302
STAR, PRL 91 (2003) 072304
PHENIX, PRL 91 (2003) 072030

● RAB > 1 at intermediate pT 
observed in dAu collisions at 
RHIC typically attributed to 
Cronin effect 

● No enhancement seen in pPb
 at the LHC

● No Cronin effect?RpA 
LHC  : binary scaling 
RHIC: small Cronin enhancement 

 Initial state effects are small

Rapidity distribution favors “shadowing” 
models
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RHIC & AGS 2013 annual users‘ meeting, BNL ( Jun. 27, 2013) T. Chujo (U. Tsukuba)

Di-Hadron Correlations in p-p & p-Pb 

38

p-p (N ≧110) p-Pb (N ≧110)

p-Pb (ΣET Pb) < 20 GeV p-Pb (ΣET Pb) > 80 GeV

CMS, JHEP 1009 (2010) 91
CMS, PLB 718 (2012) 795
ATLAS, PRL 110, 182302 (2013)

• First observation of 
ridge structure in 
high multiplicity p-p 
(CMS).

• Also confirmed in p-Pb 
high multiplicity 
events.

• Alway side ridge 
structure is observed in 
high multiplicity p-Pb.

p-A: Our control starts to go out of control

12CMS: PLB 724 (2013) 312, ATLAS: PRL 110, 182302 (2013) ALICE: PLB 719 (2013) 29

Decided to look at multiplicity 
separated p-Pb events

32DHC: Two ridges
ALICE, PLB 719 (2013) 29

● A closer look at the two ridges:
the near- and away-side ridges

● Are essentially flat in Δη

– Slight excess on near side 
due to small residual jet peak 

● Have the same magnitude

● Projection to Δφ

● Exclude residual peak 
(|Δη<0.8| on near-side) 
exhibits a modulation

● In HIJING, the correlation 
shows no qualitative 
changes with multiplicity 

● Quantify the ridges

– Ridge yields

– Fourier coefficients

Near-side
Away-side

8 5 Results

p
assoc
T < 3 GeV/c, and with the track multiplicity in the range 220  N

offline
trk < 260. For PbPb

collisions, this N
offline
trk range corresponds to an average centrality of approximately 60%, as

shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (N

offline
trk ⇠ 110) pp collisions

at
p

s = 7 TeV [38] and pPb collisions at ps
NN

= 5.02 TeV [39–41]. The structure is also prominent
in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < p

trig
T < 3 GeV/c and 1 < p

assoc
T < 3 GeV/c

within the 220  N
offline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range N

offline
trk < 20 (open) and 220 

N
offline
trk < 260 (filled). Various selections of p

trig
T are shown for a fixed p

assoc
T range of 1–2 GeV/c

in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to

Flow in p-Pb ?

Correlations very similarity in 
shape and yield to those in A-A 
where attributed to collective flow
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Evidence for flowing small systems grows

13ALICE: PLB (2014), 728, 25

In p-Pb when Nch ≳ 50 
Mass dependence of pT spectra 
very similar to that in Pb-Pb 
NQC scaling of v2

Our “simple” systems are 
proving very complex!
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Evidence for flowing small systems grows

13ALICE: PLB (2014), 728, 25

In p-Pb when Nch ≳ 50 
Mass dependence of pT spectra 
very similar to that in Pb-Pb 
NQC scaling of v2

Our “simple” systems are 
proving very complex!
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Can we ever turn flow off?

14

Yes!   High pT direct photons

Non-interacting probe 
doesn’t exhibit collective 

motion 

So we have to bite the bullet 
and tackle this 
 - its (likely) not an analysis 
problem
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Testing for fluid in small systems

15PHENIX: Nature Physics 15, 214  (2019)

The proposal: p-Au, d-Au and 3He-Au measurements would 
be the “ultimate test” of fluid behavior in small systems

https://www.nature.com/nphys
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Control back under control

16PHENIX: Nature Physics 15, 214  (2019)

Elliptic flow seen in all systems!
Significantly higher v3 in He3-Au as expected

https://www.nature.com/nphys
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Control back under control

16PHENIX: Nature Physics 15, 214  (2019)

Elliptic flow seen in all systems!
Significantly higher v3 in He3-Au as expected

Agreement with hydrodynamical 
calculations suggests systems really are 

flowing fluids

https://www.nature.com/nphys
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but then STAR released results

17

v2 results were consistent 

v3 results very different for 
d+Au and p+Au

Several differences in how analyses were 
done

A key one being rapidity gap over 
which correlation measured

Both thought to be sufficient to allow unbiased measurement
STAR: PRL 130, 242301 (2023)
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Solution potentially found

18

v3 differences at RHIC largely due 
to use of different rapidity range but 
not all  

O+O and new d+Au data taken

3+1D Hydro critical for 
comparisons 

 - medium not boost invariant 
over large rapidity ranges

While neither experiment could perform analysis of the other 
theorists could model both

W. Zhao et al. PRC 107,(2023) 014904 
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PHENIX

Energy loss to medium?

19

PHENIX:
 Nbin determined by forcing RdAu γ to unity 
Strong suppression of π0 in high 
multiplicity events

CMS: EPJC 74, 2951, (2014), PHENIX

CMS di-jet studies:  no additional 
momentum imbalance observed

Interpretation confusing again

If there is a QGP in pA its too 
small to quench jets



Unexpected (but very cool) 
physics found along the way 
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First observation of anti-He4!

21

Matter and 
antimatter formed 
at same rate 

Now know rates 
we should see 
anti-matter in 
space experiments  

Fact that we are in a matter Universe not due to 
“problem” creating anti-matter

STAR: Nature 473 (2011) 353
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(anti)Hypernuclei are also created

22

Anti-Hyper-Hydrogen-4

Evidence of 
formation of excited 
hypernuclei states in 
heavy ion collisions

n
n--
pΛ - -

Hyper-Helium-4 
lifetime 

measurement in 
heavy ion collisions
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Substructure of oxygen

23

Indication oxygen nucleus 
has alpha clusters 

Data: 
 v2{4}/v2{2} smaller in more 
central events : 
     fluctuations enhanced

Theory: 
Enhanced fluctuations central 
events due to alpha clustering v2{2}  - sensitive to fluctuations

v2{4}  - reduced 
sensitivity to fluctuations

v2  - measure of elliptical flow
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f0(980) quark content

24

Longstanding question “is the f0 a diquark, molecular, or tetraquark?” 
 Difficult/impossible question to 
answer theoretically - up to 
experiments to answer

Elliptic flow: 
Scales when nq = 2 

Suggests that f0 is a diquark

Other results from low energy 
studies suggest otherwise 
     - debate continues 
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Is charm fragmentation universal?

25ALICE: PRD 105, L011103 (2022)

f(c → Hc) from p+p collisions 
different to e+e– and ep data

>3x more charm baryons than than in 
e+e– and ep
Assumption of universal (charm) 

fragmentation is not valid

Note: LHC cc̄ cross-section is 
consistent with pQCD predictions 
(although at upper limit)

Heavy-flavor yields computed in pQCD 
via convolution of  
      PDFs + partonic cross-section + FF 
FF: typically parametrized from e+e–/ep 
measurements  
      Assumption that charm 
hadronization universal
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Data currently favor baryon junctions

What carries baryon number?

26

1Quarks 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 A/∆Z



Net proton yields 
Valence quarks:

ybeam = 4.06

Slope from fit to data 
 = -1.13 +- 0.32

Data inconsistent with valence quark expectationsHelen Caines - Yale - NNPSS - July 2024

What carries the baryon number?

27

Study photonuclear events:  
Very clean process, photon no B 

Baryon number with valence quarks - very 
few baryons at mid-rapidity 

Baryon junctions - more protons at mid-
rapidity 



Can we detect new 
physics via UPC?
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UPC: Explosion in studies over past 10 Years

29

Exploiting both γγ and γ-A collisions
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Evidence for gluon saturation

30

Suppression of di-π0 correlations in p+A   
   - Dependence on A as predicted  

 - No broadening, not as predicted 

Hints of saturation at RHIC and LHC

J/ψ photo-production:  
  - CMS (and ALICE) recently accessed new 
W (photon-nucleon CM) range    
  - Shape of coherent #γA→J/ψA’($) not 
predicted by models 
  - Gluon saturation? black disk limit?  

STAR: PRL 129, 092501 (2022)CMS: PRL 131 (2023) 262301, 
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Anomalous magnetic moment of ! lepton

31CMS: arXiv:2406.03975

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 
From p-p: 
a% = 0.0009 + 0.031 - 0.0021 
(consistent with SM)
 First uses of hadron-collider data to 
test EM properties of %  
Results competitive with existing 
lepton-collider constraints
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LHC: √sNN = 5.36 TeV

32

ALICE, ATLAS, CMS, LHCb committed to continue taking HI data 
all have upgrades planned

ALICE FOCAL for Run 4 
ALICE3 - new detector focus on HF, chiral 

restoration, exotica … all multidimensionally
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RHIC: √sNN = 200 GeV

33

New kid on the block:  sPHENIX taking first data
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RHIC: √sNN = 200 GeV

33

New kid on the block:  sPHENIX taking first data

First physics!
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RHIC: √sNN = 200 GeV

33

New kid on the block:  sPHENIX taking first data

Senior scientist still going strong: 
   STAR exploiting at top energy upgrades from 
BES-II and new forward capabilities

First physics!
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CBM and HADES: √sNN = 2-5 GeV

34

Exploring high baryon density matter: EOS, hypernuclei, strangeness 
new threshold…

Fixed target so very high 
rate experiment compared 

to RHIC
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Bright future ahead 
Next few years: New data from sPHENIX, STAR forward, LHC Run-3+4 
Next-to-Next few years:  ALICE-3, CBM@FAIR and the EIC 

Among the open questions that remain are:
- What are the minimal conditions to create a QGP? 
- Is there a Critical Point in the QCD phase diagram? 
- Can we see evidence of chiral restoration? 
- Can we determine additional properties such as its heat capacity, 

compression modulus, electric conductivity, color conductivity? 
- What is the magnitude of the initial magnetic field? 
- How is baryon number carried?

Outlooks

35

 Lots left to discover and understand!


