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Introduction
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Timeline of Charmonia Related Events in Heavy-Ion Physics
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Charmonia in pp Collisions
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Angular Coefficients

P. Faciolli, Quarkonium in Hot Medium (2009) and Eur. Phys. J. C 69, 657 (2010)

J/ψ polarization characterized by spin alignment of positively charged decay lepton

λθ, λϕ and λθϕ determined using Helicity, Collins-Soper, or Gottfried-Jackson frames

λθ ={+1, 0,−1} ⇒ fully transverse, fully zero, or fully longitudinal J/ψ polarization
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J/ψ Polarization
J/ψ Polarization

c Left column shows J/ψ polarization

parameters λθ, λϕ, λθϕ in Helicity frame

c Right column shows J/ψ polarization

parameters λθ, λϕ, λθϕ in Collins-Soper

frame

c No meaningful transverse (+1) or
longitudinal (-1) J/ψ polarization

c Although none of the models can be
decisively ruled out, the color glass
condensate + NRQCD[1] appears to
best describe data overall

Phys.Rev.D 102 (2020) 9, 092009
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J/ψ & Charm Elliptic Flow in Small Systems

Lighter hadrons show collective flow while muons from heavier bottom quarks do not

Prompt J/ψ (from primary interactions) and muons from charm decays show nonzero v2

z Collective behavior of charm quarks in pPb and high multiplicity pp collisions
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b Quarks in High Multiplicity pp Collisions

σB0s over σB0 versus multiplicity shown for different pT ranges in
√
s =13 TeV pp collisions

Ratio increases with multiplicity only in the lowest pT interval (0 < pT < 6 GeV/c)

z Results consistent with expectations of coalescence and strangeness enhancement
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Charmonia in pA Collisions
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D-Mesons in pPb Collisions

LHCb and ALICE D-meson nuclear modification plotted as a function of Bjorken-x

z Data extended now beyond x−4 fractional momentum in the nucleus
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J/ψ Modification in pAu Collisions
⋆ See Tony Frawley’s talk, Week 2

EPPS16 and nCTEQ15 with and without re-weighted LHCb D-meson data

z Re-weighted EPPS16 and nCTEQ15 describe PHENIX data well at forward rapidity
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Charmonia in pAu Collisions
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1.2 < |y| < 2.2, Inclusive PHENIX

=200 GeVNNs(2S), p+Au ψ =200 GeVNNs, p+Au ψJ/

(2S) EPPS16 (Shao et al.)ψ
 EPPS16 (Shao et al.)ψJ/

(2S) nCTEQ15 (Shao et al.)ψ
 nCTEQ15 (Shao et al.)ψJ/

At forward rapidity, J/ψ and ψ(2S) modification show similar suppression

z Data well described by reweighted EPPS16[2] and nCTEQ15[3] shadowing predictions

At backward rapidity, nPDF effects alone cannot describe ψ(2S) modification
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J/ψ in Large & Small Collisions at RHIC

Mid-rapidity results in AuAu and pAu are compared as a function of pT

z Very different pT dependence observed in the two collision systems

Inclusive J/ψ measurements in pAu collisions show suppression at low pT

z All models appear to describe the suppression reasonably well at low pT
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J/ψ in pAu Collisions at RHIC

Nuclear modification at forward, backward rapidity shows similar suppression at low pT

z Forward rapidity modification well described by gluon shadowing[10],[11]

Backward rapidity suppression consistent with Transport Model predictions[7] (includes
nuclear absorption effect)
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J/ψ in pPb Collisions at LHC

At forward rapidity, similar modification as seen at RHIC - suggests similar mechanism

Very different modification at backward rapidity - essentially no suppression at low pT

z Models predict stronger suppression that what is seen in the data
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J/ψ to D0 Ratio in PbNe Collisions at LHC

a Data recorded in fixed-target
mode at

√
sNN = 68.5 GeV

(regeneration effects minimal)

a Strong dependence of J/ψ to
D0 ratio on pT

a J/ψ(D0) cross section assumed
to scale as ⟨Ncoll⟩α ( ⟨Ncoll⟩ )

a Fit α = 0.76± 0.05 suggests no
anomalous J/ψ suppression
(α = 0.92± 0.02 as seen by
NA50 in p A collisions)

Phys. Rev. Lett. 33, 1404

LHCb Data: arXiv:2211.11652

NA50: Phys.Lett.B 410 (1997) 337-343
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J/ψ to D0 Ratio in PbNe Collisions at LHC

a Data recorded in fixed-target
mode at

√
sNN = 68.5 GeV

(regeneration effects minimal)

a J/ψ to D0 ratio shows strong
dependence on pT

a J/ψ(D0) cross section assumed
to scale as ⟨Ncoll⟩α ( ⟨Ncoll⟩ )

a Linear falling trend from pNe
to central PbNe indicates
J/ψ suppression inconsistent
with QGP effects

Phys. Rev. Lett. 33, 1404

LHCb Data: arXiv:2211.11652

NA50: Phys.Lett.B 410 (1997) 337-343
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Charmonia in AA Collisions
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Charmonia in PbPb Collisions

J/ψ and ψ(2S) RAA strongly suppressed at high pT - consistent with CMS results

Transport Model predictions[14],[15] expect sizeable regeneration at LHC energies

z qq̄ pairs close in phase space can recombine to form a quarkonium state
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J/ψ Elliptic Flow in PbPb Collisions

J/ψ elliptic flow versus pT in the 20–40% centrality class for J/ψ→ µ+µ− and J/ψ→ e+e−

z Nonzero results indicate J/ψ mesons participate in collective flow

Some studies suggest J/ψ binding energy a function of magnetic field strength
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J/ψ in AA Collisions at RHIC (LHC)

STAR J/ψ mid-rapidity RAA shows stronger suppression than ALICE mid-rapidity results

z Regeneration effects modify charmonia measurements at LHC energies

At RHIC energies, regeneration not as significant → J/ψ flow consistent with zero
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Bottomonia in PbPb Collisions at LHC

Contributions from regeneration effects expected to be much weaker for Υ states

z LHC measurements of Υ(1S) RAA much more suppressed than J/ψ RAA

z Bottomonia shows little dependence on pT compared to ALICE charmonia results
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Bottomonia in AA Collisions at RHIC (LHC)

Υ(1S) suppression very similar at RHIC and LHC energies

z Possibly due to QGP-related suppression of excited states that decay to Υ(1S)

Both models include feed-down (Υ(2S), Υ(3S), χb) and hot nuclear matter effects
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Conclusion

Small System Collisions pA

b J/ψ modification versus pT at backward rapidity suggests different nuclear
effects contribute at RHIC compared to LHC energies

b Non-zero charm v2 observed in pPb and high multiplicity pp collisions

b If QGP is formed, it does not appear to be dominant effect on J/ψ

Large System Collisions AA

b Results indicate regeneration affects charmonia measurements at LHC energies

b Contributions from regeneration in Υ(1S) measurements appear small, if any

b Υ(1S) modification shows similar suppression as J/ψ modification at RHIC
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Quarkonium suppression in heavy-ion collisions from coherent energy loss in cold nuclear matter
JHEP 10 (2014) 073

[14] Du, Xiaojian and Rapp, Ralf
Sequential Regeneration of Charmonia in Heavy-Ion Collisions
Nucl.Phys.A 943 (2015) 147-158



Charmonia in Media 29 / 32

[15] Zhao, Xingbo and Rapp, Ralf
Medium Modifications and Production of Charmonia at LHC
Nucl.Phys.A 859 (2011) 114-125

[16] Liu, Yun-peng and Qu, Zhen and Xu, Nu and Zhuang, Peng-fei
J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC
Phys. Lett. B 678 (2009) 72–76

[17] Zhao, Xingbo and Rapp, Ralf
Charmonium in Medium: From Correlators to Experiment
Phys.Rev.C 82 (2010) 064905

[18] Andronic, Anton and Braun-Munzinger, Peter and Redlich, Krzysztof and Stachel, Johanna
Decoding the phase structure of QCD via particle production at high energy
Nature 561 (2018) 7723, 321-330
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Heavy-Ion Experimental Overview

a The primary purpose of the Relativistic Heavy Ion Collider (RHIC) was to
detect and characterize the quark gluon plasma (QGP) using data collected
from A+A, p+A, and p+p collisions

a This is the main physics goal of the PHENIX, STAR & ALICE Experiments

a In 2005, the experiments at RHIC concluded that the formation of a
quark-gluon plasma had been observed

a In particular, strong indicators of the presence of QGP include:

z Jet quenching

z Collective system behavior

z Sequential deconfinement of heavy quark mesons

z Strangeness enhancement
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Bottomonia in PbPb Collisions at LHC

Υ(2S) to Υ(1S) ratio of yields (left) and RAA are shown at forward rapidity vs. ⟨Npart⟩
Hydrodynamic calculations and the Transport Model with regeneration effects are most
consistent with the measured data

z The suppression is best described by models that include hot nuclear matter effects
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J/ψ Photoproduction in PbPb Collisions

Nuclear modification of J/ψ as a function of ⟨Npart⟩ in three different pT ranges

J/ψ coherent photoproduction expected to be dominant for pT < 300 MeV/c

z RAA corresponding to coherent photoproduction (red) enhanced in peripheral collisions
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Coherent J/ψ Production in PbPb UPC

Fit to the log of p2T distribution performed to isolate coherent from incoherent production

Differential cross-section for coherent J/ψ production decreases as function of y

z Several of the CGC-based predictions (blue dotted, solid magenta & solid green
curves) overestimate the J/ψ production
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Coherent ψ(2S) Production in PbPb UPC

First measurement at LHC for coherent ψ(2S) production at forward rapidity

z pQCD calculations (red curves) by Guzey et al. describe data well at large y

Ratio of ψ(2S) to J/ψ not as well described by CGC predictions (blue curves)
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Open Heavy Flavor in dAu Collisions

b Forward rapidity: J/ψ suppression similar
to open charm suppression

z Consistent with shadowing and/or
parton energy loss

b Backward rapidity: J/ψ suppressed
relative to open charm

z Expect open charm to be enhanced
by anti-shadowing

z J/ψ suppression consistent with
absorption due to collisions with
nucleons in the target

z Possible contribution also from
co-movers

Phys. Rev. Letters 112, 252301
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Bottomonia in pPb Collisions

Υ(1S), Υ(2S), and Υ(3S) nuclear modification shown at forward and backward rapidity

At backward rapidity, sequential suppression is less pronounced at high pT (right)

z At low pT (left), significant suppression is seen for Υ(3S) compared to Υ(1S)
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Polarization Coordinate Frames

Phys. Rev. D 95, 092003 (2017)

z Helicity frame is most commonly used for collider experiments

z Definition of ẑ is main difference between coordinate frames


