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Quark-Gluon Plasma (QGP)

» QCD matter made of deconfined quarks and gluons
» Re-created in high-energy high-ion collisions

Credit: MADAI collaboration, Hannah Petersen and Jonah Bernhard

» A central goal of HI physics: characterize and understand QGP properties
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Relativistic Heavy lon Collider (RHIC)

» Dedicated heavy-ion machine. Start operation in year 2000
» Versatile machine to collide different systems at different energies
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Evidence of QGP Formation

Almost “perfect” fluid
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Quarkonia as QGP Probe

J/y SUPPRESSION BY QUARK-GLUON PLASMA FORMATION * T- Matsui and H. Satz , PLB 178 (1986) 416

If high energy heavy 1on collisions lead to the formation of a hot quark—gluon plasma, then colour screening prevents cC binding
in the deconfined interior of the interaction region. To study this effect, the temperature dependence of the screening radius, as
obtained from lattice QCD, is compared with the J/y radius calculated in charmonium models. The feasibility to detect this effect
clearly in the dilepton mass spectrum is examined. It is concluded that J/i suppression in nuclear collisions should provide an
unambiguous signature of quark-gluon plasma formation|
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QGP “thermometer”

“Melting” temperature
» For QGP of a given temperature i TCO i
profile, quarkonia of larger sizes
melt more easily

2 |- [Yas)

Xb(lp)
1.2(eal 7/2)(15) Y'(25)

» For a given quarkonium, it melts
more easily with increasing
temperature
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Modern View

» Screening effect very small; dynamical dissociation dominates
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» Can be used to study QCD force in hot medium, and constrain QGP
transport coefficients

B. Scheihing-Hitschfeld and X. Yao, PRD 108 (2023) 054024
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Reality Check

» Besides dissociation, many other effects also influence
guarkonia production in HI collisions

» Hot medium effect: regeneration

o
o © @\’ Central AA| SPS RHIC LHC
° () collisions | 20 GeV | 200 GeV | 5 TeV
0 Q/O/' Nepo/event | ~0.2 | ~10 | ~115
‘ . o :
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Reality Check

» Besides dissociation, many other effects also influence
quarkonia production in HI collisions
» Hot medium effect: regeneration

» Cold nuclear matter effect
» nPDF; energy loss; nuclear absorption ...

------------------

2F 2 2 X
nCTEQ15 RS

X Baseline
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K. Kovarik, etal., PRD 93 (2016) 085037




Reality Check

» Besides dissociation, many other effects also influence
guarkonia production in HI collisions
» Hot medium effect: regeneration

» Cold nuclear matter effect
» nPDF; energy loss; nuclear absorption ...

» Feed-down structure

Non-prompt J/y

Prompt J/y
TABLE I. Cross sections for direct charmonium production in 7~ N and pN collisions, normalized to the :§ - e STAR2009
overall J/ s production cross section in the corresponding reaction [8]; feed-down fractions and mass gap to B F O STARPRCS80
the open charm threshold. % 0.3 =— FONLL+CEM
2 [
State R/(7N) R/(pN) (7 N) (%) Fi(pN) (%) Eg (MeV) g E
>~ 0.2
JIp(1S) 0.57+0.03 0.62+0.04 57+3 62+4 0.642 = E
x1(1P) 0.72+0.18 0.60x0.15 205 16+4 0.229 S E ’—E’_‘
x2(1P) 1.04+0.29 0.99+0.29 15+4 14+4 0.183 £ 0.1 I
Y(2S5) 0.14=0.04 0.14+=0.04 8+2 8+2 0.054 =
200 GeV p+p
~ BrDthaven J/d/ 1 1 100 100 c 1 | 1 | | | | | | l |
0 L L 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12
kf National Laboratory P, (GeV/c)

S. Digal, P. Petreczky, H. Satz, PRD 64 (2001) 094015 STAR, PLB 722 (2013) 55




Reality Check

» Besides dissociation, many other effects also influence
guarkonia production in HI collisions
» Hot medium effect: regeneration

» Cold nuclear matter effect
» nPDF; energy loss; nuclear absorption ...

» Feed-down structure

» Multi-differential measurements, in concert with theoretical
developments, to disentangle different effects
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Characterize CNM Effects for J/y

» Modifications due to the presence of ions in the collisions, but not related to
QGP formation

\'syn = 200 GeV, inclusive J/y
* STAR p+Au, lyl <0.5
O PHENIX d+Au, lyl <0.35

» ~25% suppression at low p+

| » Consistent with no suppression
""" i b above ~ 3 GeV/c

pA’ RdA

L
10
PHENIX, PRC 87 (2013) 034904 P (GeV/c)
STAR, PLB 825 (2022) 136865
©
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Understand CNM Effects for J/y

p+Al p+Au PHENIX, PRC 102 (2020), 014902 SHe+Au
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y O y : y
» Forward rapidity: ~30% suppression in Au; consistent with nPDF effects

» Backward rapidity: additional suppression beyond nPDF; can be described by
nuclear absorption
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CNM effects for y(2S)

p+Au
s 2 I T I
< 1.2 <yl <22, Inclusive PHENIX
a4 B y(2S), p+Au |5 =200 GeV @ J/y,p+Au |5 =200 GeV
sl [ ] w(28) EPPS16 (Shaoetal) [ ]w(2S) nCTEQIS (Shaoetal.) |
| 201y EPPS16 (Shaoetal) [ |J/y nCTEQI5 (Shao et al.)
e
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T
05 —
PHENIX, PRC 105 (2022), 064912
0 | | |
-2 0 2

y
» Forward rapidity: similar suppression for J/y and y(2S), consistent with nPDF
» Backward rapidity: stronger suppression for y(2S) than J/y - final-state effects
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CNM effects for Y

p+Au
A<2.57HH“H‘“H“‘H“H‘“H“““““““““““7
| —k— STAR preliminary R , .« STAR Preliminary -
mi —o— STARpublished R, .
—~ ¢— PHENIX ]
3 2 Shadowing, EPS09 (Vogt) ] ~ I
(cf\l)t - — — Energy Loss (Arleo, Peigné) > RPAU 0'8 Wlthln |y| < 1 O
N e Energy Loss + EPS09 ] . .
=6l ] - Indicates sizable CNM effects

» nPDF effects alone not able to describe
data. Other effects needed.
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B SsTAR Roa, COMmon norm. Syst.

| I STAR RdA common norm. Syst.
B PHENIX Ry,, common norm. Syst. ‘ ‘ ‘ ‘
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Yy
STAR: PLB 735 (2014) 127, PHENIX: PRC 87 (2013) 044909

R. Vogt, et. al, PoS ConfinementX 203 (2012)
F. Arleo, S. Peigne, JHEP 1303 (2013) 122
K. J. Eskola, et. al, JHEP 0904 (2009) 065 1 5
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J/p: pr Dependence

~  \'syy =200 GeV, inclusive J/y STAR

2~ 4 STARp+Aulyl<0.5
- O PHENIX d+Au, lyl <0.35
@ STAR Au+Au, 0-20%, lyl <0.5
< 15—
p-} B
o B
w B
m'ﬁ -
A |
g- —
o PHENIX, PRC 87 (2013) 034904

%@@t @ STAR, PLB 825 (2022) 136865

STAR, PLB 797 (2019) 134917

T S BT,
pT(GeV/c)
» A factor ~2 suppression of J/y production in Au+Au collisions beyond CNM
effects 2> evidence of QGP formation
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J/p: pr Dependence

) L L [ s s s S B
Lg-AusAu 00 A GeVy yi=035 — 0-20% - 5 Mild p; dependence; interplay of different
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J/p: Energy Dependence

1.2r
[ ® This analysis: Au+Au, 14.6, 19.6, 27 GeV
0-5%
- o Au+Au, 54.4 GeV
[ O Au+Au, 39, 62.4, 200 GeV 0-10%
0.8 ¢ Pb+Pb, 17.3, 2760, 5020 GeV
e T
0.6 0-20%
> i
~~ | ,,,
e L H H " —Total (0-20%)
04 __ @ = -Primordial
T T—___ Y - - Regenelation
0.21 T
- R STAR preliminary
O ".-""."—.-.....I L ool L L L

2 I 3
10\/%(GeV) 10

X. Zhao, R. Rapp, PRC 82 (2010) 064905
NAS5OQ, PLB 477 (2000) 28, STAR, PLB 771 (2017) 13, STAR, PLB 797 (2019) 134917
ALICE, PLB 734 (2014) 314, ALICE, NPA 1005 (2021) 121769

k? Brookhaven

National Laboratory

» No strong energy dependence up to 200
GeV - interplay of CNM, regeneration
and dissociation

» Can be well described by transport model
calculation

» Regeneration dominates at the LHC
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J/p: Energy & pr+ Dependence

STAR, PLB 797 (2019) 134917
ALICE, PLB 805 (2020) 135434

> 2 T T T e e
1.8F Au+Au, 0-80%, lyl<t  STAR preliminary " ® Inclusive J/p (STAR) AuAu 200 GeV 0-20% Iyl <0.5 |
] 6:— A 200 GeV | @ Inclusive J/y (ALICE) PbPb 5.02 TeV 0-20% lyl <0.9 |
L ¢ 27GeV 1.5 .
145 & 19.6 GeV .
<12F ¢ 14.6GeV { 8 -
< - S y——1—
e S 1 S ——— . N1 1
Z - _ N\ o
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a8 © —a— ost i # E_E" E
0.2F ﬂ ’-E_‘ FE_‘ & !
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» Different pr dependence at low and high energies
» CNM effects & regeneration vary with collision energy
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J/p: Centrality Dependence
@

@

2r
1 ab Au+Au Collisions ~ STAR preliminary
sh A 200 GeV, p_>0.15 (GeVi/c)
TF ¢ 27 GeV, p, > 0 (GeV/c)
1.4 ¥ 19.6 GeV, p_>0 (GeVrc)
< 1.2F ¢ 14.6 GeV, p.> 0 (GeV/c) \
c f \
T \\§
S 08F % \
F A AR
0.4;— 7N
0.2 - N, uncertainty
0' |
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» Hint of decreasing Ry, from peripheral

to central collisions

—> dissociation/CNM grows slightly
faster than regeneration at RHIC
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J/y: Rapidity Dependence

©

Au+Au @ 200 GeV

3 L L L L ]
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« 0.6 EI @ El
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0
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PHENIX, PRL 98 (2007) 232301
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300 350 400
Npar

» Stronger suppression at forward rapidity
compared to midrapidity

—> Larger regeneration effect
than dissociation
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J/p: System Size Dependence

Cu+Cu Ru+Ru, Zr+Zr Au+Au

® @

) 2
m?;:,_ E ®  Ru+Ru&Zr+Zr@200 GeV, p_>0.2 GeV/c, e'e”, |y |<1.0
:"E 1.8 :_ Cu+Cu@200 GeV, p_>0 GeVic, e'e", |y |<0.35, PRL2008
0C 1.6~ ¥ p+AU@200GeV,p_>0 GeV/c, i, |y |<0.5, PLB2022 i ]
Jaf. O AUrAU®200GeV,p, >0.15 GeVie, w1y <05, PLB201 > Ind|Cat|On Of a gIObaI trend Of RAA VS.
120 Npart fOr different colliding systems

o;HéﬁLry* - suppression driven by event
061 @ @H@ B i multiplicity rather than collision geometry

0.4
0.2 STAR Preliminary
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J/p: System Size & p- Dependence

s 1.8¢ < 1.8
- 1.63—0 Isobar, 10-20%, 1y |<1,(N__)=116  STAR Preliminary . 1_63_. Isobar, 20-30%, |y <1, (N ) =82 STAR Preliminary
1.43—0 Au+Au, 20-40%, 1y |<0.5, (N__ ) =141 VS = 200 GeV 1.43— Cu+Cu, 0-20%, |y |<0.35, (N_ ) = 86 \'Syn = 200 GeV

12h P
e 1 L —— R
0.8 @ 0.8
0.6 @[ﬂ 0 @ 0.6F- d @ 0 ] $
0.4:—m lil@z] @ - s B @ ©®
0-23— 0.23—

p, (GeV/c) p, (GeVrc)

» Similar Rya vs. py for different colliding systems of similar N,
» Rising Rpa vS. p7in Isobar collisions
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J/Iy: System Size & Energy & Centrality

3 T ] LI I B I B L B
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T ek PHAUG200 GeV, pr >5 GeVic, o',y <1.0 E » Interplay of different effects
: ¢ Au+Au@200 GeV, p_>0.15 GeVic, w'-, |y |<0.5, PLB2019 .
1.4 — Pb+Pb@2.76 TeV, pT>0 GeV/c, e'e”, |y|<0.8, ALICE, PLB2014 -]
12 :_ =» Pb+Pb@5.02 TeV, p_>0.15 GeVrc, e'e”, |y|<0.9, ALICE, NPA2021 _:
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08| @ ] . .
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J/y: Event Plane Dependence

N0'25: VSvn =200 GeVAu+Au-J/p+X .
A 0 2:_ 1.2 < |y| < 2.2 (10 — 60% Centrality) Run 14 + Run 16 -
““E o pr(GeV/c): [0.0 - 1.0], [1.0 - 2.0], [2.0 - 3.0, [3.0 - 5.0] -
0.151
005 » No significant v, at RHIC
o : - disfavor the scenario that high-p;
oo E JIp is solely from regeneration
-0.1= — - initially produced -
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_0‘25_|| |||||||||||||||||||||||||||||||||||||||||||||

1
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PHENIX, PRC 112 (2025) 014904
STAR, PRL 111 (2013) 052301
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Quarkonia: Binding Energy Dependence

Charmonia in Isobar

40-80 %
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» Sequential suppression at RHIC
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STAR, arXiv: 2509.12842
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Bottomonia in Au+Au
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STAR, PRL 130 (2023) 112301
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Where Are We at RHIC?

& 1,81 ponu o - 200 Gov A {5 =200 G » Hint of stronger suppression with
- E —O— Uy lyl <1, . >5GeVic —al=— Y(1S) 0-60% lyl <0.5,, >0 GeVic . . .
1B E vii<tpioceVe 4 Uy 010%1 <05, p 5 GoVi decreasing binding energy beyond
L —©— y(@9)1.2<y<22, . >0GeVic —— Y(2S) 0-60% lyl < 0.5, p,>0GeVic
1'4:_ < \\Z(zs) 22 <yy<-1.:pT>o Y (3S) 0-60% lyl < 0.5, p_>0 GeV/c CN M
1.2;— Iy
| EERRELELEEEEELEELEE  Zaa LR LI IILRREEE
087 mws=es | 3> Areas for improvement
0-65% ; v(is) » Only an upper limit for Y(3S)
l v i
M ‘f’ " : > No measurement of Y(2S) in Au+Au
0.2
- 1 | — | » No separate measurement of CNM for
0 B e P T :
0 0.2 0.4 0.6 08 1 1.2 different Y states
Binding energy o o
Hot QCD White Paper, arXiv:2303.17254 > lelted preCISlon
P
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RHIC: Moving Forward

» Unprecedented statistics to be collected in 2023-2025 with new detector
capabilities
>  p+p, p+Au (possibly), Au+tAu @ 200 GeV

sPHENIX

USTAR *

k? Brookhaven
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RHIC: Moving Forward

(aV] 51
© 10°E" Run23-25 AuAU@200 GeV 60-80%
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STAR Beam Use Request

STAR Run23+25 J/y projection, Au+Au@200 GeV, 0-80%
0.3 —e— Vv2(TPC), Run10, PRL 111.052301

B non-flow, Run10

~ —e— V2(TPC), Run23+25 (20B MB + 40nb™ HT)

0.2— —=— v2(EPD), Run23+25

C o
e S } !
- $-- // ........ $.$+
0 o *-‘* ________________________________________________
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1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

) 2 4 6 8 10 12 14

Transverse momentum P, [GeV/c]

» First-time access to Y(2S) in 200 GeV Au+Au collisions
» J/y v,: more statistics + reduced non-flow with forward detectors

National Laboratory
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https://drupal.star.bnl.gov/STAR/system/files/STAR_BUR_Runs23_25_2022.pdf

RHIC: Moving Forward

sPHENIX Beam Use Proposal STAR Beam Use Request
& 07F 14 30-60% 10-30% 0-10%
s oel sP HE’_Y’X BUP2024 Projection L Au+Au@200 GeV,0-60%, ¥ — W& T —e'e
R . "f’ recorded Au+Au L2 5 y(aS)* Y(2S) 2023+2025 (40 nb™)
> [ ® 7nb recorded Au+Au % Y(1S)% Y(2S) 2011+2014+2016
2 055 o 13 pb™sampled p+p -~
> T ! 2 .l
0.4 ® 26 pb sampled p+p S 08k
- = |
- S
0.3 2 0.6 ok
- » o mfn n
- s
0.2~ 0 | ‘ *s#:L o
- *
0 1__ 02 | SL
I3 | ' =
: 0 N 1 N 1 N 1 N
0 L l L L L L l L L L L l L L 1 1 I 1 1 L L l 1 1 L I 1 1 1 I L 1 0 100 200 300 400
0 1 2 3 4 5 6 7 8 N
pT [GeV] part

» Precision measurement of different Y states by both STAR & sPHENIX
» Possible access to Y(3S)
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https://drupal.star.bnl.gov/STAR/system/files/STAR_BUR_Runs23_25_2022.pdf
https://indico.bnl.gov/event/25471/contributions/98978/attachments/58264/100147/sPHENIX_Beam_Use_Proposal_2024.pdf

RHIC - Electron lon Collider (EIC)

Complete EIC Construction (Recommendation 3): The expeditious completion of the Electron-
> N S AC LRP lon Collider (EIC) is the highest priority for facility construction. The EIC will elucidate the origin of
visible matter in the universe and significantly advance accelerator technology.

» To be built at BNL
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Probe Gluon Momentum Distribution

> Inclusive J/\p photoproduction D. Boer, et. al., arXiv:2409.03691

» Constrain gluon nPDF in shadowing and antishadowing regions

2 L e R L B B B B B B B L B L B A o LA B o
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0.5 Yooy =45 Ce L <as s 057 02< 2< 0.9, [fl < 3.5 Iz
V. G 15 i HE= JR=MT 5
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Probe Gluon Spatial Distribution

» Exclusive J/yp production

» Gluon spatial distributions and fluctuations in nuclei encoded in |f] distributions for
coherent and incoherent production

> Probe saturation effects

4 W fLdt=10fb"1/A o coherent - no saturation
107 g 1<Q2<10 GeV2 o incoherent - no saturation
Fo x<0.01 = coherent - saturation (bSat)
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Summary
» 2007-25: successful quarkonium program at RHIC

» Multi-differential measurements of quarkonia suppression = interplay of various cold and
hot medium effects

» Comprehensive/coherent comparisons to theory - QGP properties

» 2025+: new opportunities brought by high statistics and upgraded
detector

» Better precision; access to excited states. What else should we measure?

> 2035+: continue to shine at the EIC

» Probe gluon distributions
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