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1. Intro: Heavy quarkonia in the Quark-gluon plasma (QGP)

Heavy quarkonia (J/y,U) in the QGP of gluons

and light (u, d, s) quarks

QGP is being created in relativistic
heavy-ion collisions in the mid-
rapidity gluon-gluon source, and
in the fragmentation sources
provided the spatial overlap is
sufficiently strong 

Red: fragmentation sources

Heavy quarkonia: Bound states
of heavy quark-antiquark pairs:
J/y=(c ̅𝑐), U =(b$𝑏)



2. Heavy-quarkonia spectroscopy in the QGP
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S

Ø Investigate their spectroscopy
in the QGP

Ø Deduce QGP properties such as
the temperature T: “QGP-Thermometer“

Ø Focus on ϒ: recombination is negligible

m(ϒ1S) ≈ 9.46 GeV EB(ϒ1S) ≈ 1.10 GeV
m(J/ψ) ≈  3.1  GeV EB(J/ψ) ≈ 0.64 GeV

(relative to open-bottom/charm
thresholds)

ϒ spectrum in vacuum => in the QGP medium?

J/ (cc̄)
⌥ (bb̄)

3S

Use ϒ1S,2S,3S for
spectroscopy in     

the QGP

1S

2S

pp



ϒ(nS) states are suppressed in Pb-Pb @ LHC:

ϒ spectroscopy as
a clear QGP indicator 

pp

PbPb

RAA =
NPbPb(QQ̄)

NcollNpp(QQ̄)

ϒ (1S) ground state is suppressed in PbPb:

RAA (ϒ(1S)) = 0.38 ± 0.01 ± 0.04, min. bias

© CMS Collab., PLB 790, 270 (2019)

ϒ(2S, 3S) states are > 3 times more
suppressed in PbPb than Y(1S)

RAA(ϒ(2S)) = 0.12± 0.02 (stat.) ± 0.02 (syst.)

RAA(ϒ(3S)) = 0.02± 0.04 (stat.) ± 0.02 (syst.)

© CMS Collab., PRL 133, 022302 (2024)

Nuclear modification
factor
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3.  The model: Screening, Gluodissociation and Collisional
broadening of the ϒ(nS) states

① Debye screening of all states involved: Static suppression 

② The imaginary part of the potential (effect of collisions) 
contributes to the broadening of the ϒ(nS) states: damping
(dominant for EB/T<1)

③ Gluon-induced dissociation: dynamic suppression, 
in particular of the ϒ(1S) ground state due to the large
thermal gluon density (dominant for EB/T>>1)

④ Reduced feed-down from the excited ϒ/cb states to ϒ(1S)
substantially modifies the populations: indirect suppression

J. Hoelck, F. Nendzig and GW, Phys. Rev. C 95, 024905 (2017); J. Hoelck and GW, EPJA 53, 37 (2017);
F. Vaccaro, F. Nendzig and GW, EPL102, 42001 (2013); F. Nendzig and GW, Phys. Rev. C 87, 024911 (2013);
J. Phys. G41, 095003 (2014); F. Brezinski and GW, Phys. Lett.B 70, 534 (2012) 
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① Screening in a nonrelativistic potential model

Proposal Matsui&Satz 1986: At high temperatures in the Quark-Gluon
medium, the Cornell-type real quark-antiquark potential is ‘screened‘,
analogously to the Debye screening in an electromagnetic plasma

VCornell(r) = (�r � /r)

s string tension, k Coulomb-parameter  

lD = Debye length, T = temperature

=> Heavy mesons such as ϒ(2S,3S) can “melt” in the hot medium -
ϒ(1S) is largely unaffected due to its strong binding of EB=1.1 GeV

Vscreened(r) = �

r
e�r/�D

+��D(1� e�r/�D )

T



② Optical quark-antiquark potential:
Screened real part, T-dep. imag. part

From: A. Mocsy et al.

Screening Damping

T

T

Solve the Schödinger equation with complex 
potential V(r,T,as) for the radial wave functions gnl(r,T), [H(r, T,↵s)� E + i�/2]g(r) = 0 8
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③ Gluon-induced dissociation of heavy mesons in the QGP

Born amplitude for the interaction of gluon clusters according to
Bhanot&Peskin in dipole approximation  / Operator product expansion,
extended to include the screened coulombic + string eigenfunctions
as outlined in Brezinski and Wolschin, PLB 70, 534 (2012) 

for the Gluodissociation cross section of the Y(nS) states, and 
correspondingly for the cb(nP) states.

F. Brezinski and GW, Phys. Lett.B 70, 534 (2012) 



Gluodissociation cross section 

F. Nendzig and GW, Phys. Rev. C 87, 024911 (2013)



Temperature 
profile for
central collisions
at different 
times t
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Dynamical fireball evolution

Dependence of the local temperature T on impact parameter b, time t,
and transverse coordinates x, y evaluated in ideal hydrodynamic calculation
with transverse expansion

The number of produced -pairs is proportional to the number
of binary collision, and the nuclear overlap

QGP suppression factor (without feed-down and CNM effects):

f = 0.145

bb̄
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④ Feed-down cascade 

including cnP states; relative initial populations in pp computed using an
inverted cascade from the final populations measured by CMS and CDF(      ).
Feed-down is reduced if excited states are screened or depopulated

Ninitial

3S: 0.324

2S: 0.367

1S: 0.373

Ninitial

2P: 0.881

1P: 1.084

�b
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4. Prediction for ϒ suppression in 5.02 TeV Pb-Pb vs. CMS data

Predictions (dashed/ solid curves) as calculated using the model of

J. Hoelck, F. Nendzig and GW, Phys. Rev. C 95, 024905 (2017); 

CMS data: Phys. Lett. B 790, 270 (2019)

Comparison model vs. data in

G. Wolschin, Int. J. Mod. Phys. A35, 2030016 (2020)
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ϒ formation time
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with reduced
 feed-down
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Prediction for ϒ(1S,2S,3S) suppression in 5.02 TeV Pb-Pb vs. CMS data

CMS data and comparison with Heidelberg model:
A. Tumasyan et al. (CMS Coll.), PRL 133, 022302 (2024)

centralperipheral
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Model fit for ϒ(1S,2S,3S) suppression in 5.02 TeV Pb-Pb vs. CMS data

New CMS data and comparison with Heidelberg model, 
updated parameters T0,  tF 1/m

J. Majonica and GW, in preparation (2025)

T0 = (512±9) MeV, Initial central temperature

 tF1,2,3 = 0.27, 0.25, 0.24 fm/c, state-dependent ϒ formation time

pT- and y-dependent initial ϒ(nS) populations from 5.02 TeV pp data

centralperipheral
CMS data: A. Tumasyan et al. (CMS Coll.), PRL 133, 022302 (2024)

<latexit sha1_base64="i4145/gqCR4+A6jSWc4SM43ImK4=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHY5oEeiF4+YyIeBDemWLjR026btmhDCr/DiQWO8+nO8+W8ssAcFXzLJy3szmZkXKc6M9f1vL7exubW9k98t7O0fHB4Vj09aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7Wh8O/fbT1QbJsWDnSgaJngoWMwItk56LPeUlsrKcr9Y8iv+AmidBBkpQYZGv/jVG0iSJlRYwrEx3cBXNpxibRnhdFbopYYqTMZ4SLuOCpxQE04XB8/QhVMGKJbalbBoof6emOLEmEkSuc4E25FZ9ebif143tfF1OGVCpZYKslwUpxxZiebfowHTlFg+cQQTzdytiIywxsS6jAouhGD15XXSqlaCWqV2Xy3Vb7I48nAG53AJAVxBHe6gAU0gkMAzvMKbp70X7937WLbmvGzmFP7A+/wBYP6QJQ==</latexit>

→
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ϒ suppression in 200 GeV Au-Au vs. STAR data (PRL 2023)

Predictions (solid blue curves) as calculated using the model of

J. Hoelck, F. Nendzig and GW,  Phys. Rev. C 95, 024905 
(2017)

(‘Heidelberg Model’), with T0= 356 MeV, tF=0.4 fm/c

The pT-dependent STAR data are overestimated because

Ø T0 as obtained from an entropy argument is likely too small:
T0=420 MeV gives much better agreement within the
experimental error bars

Ø CNM effects are neglected, but may be more important at
200 GeV than at 5.02 TeV

© STAR Collab., Phys. Rev. Lett. 130, 112301 (2023)

ISMD2025

ϒ(1S)

ϒ(2S)
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5. Cold-matter (CNM) and hot-medium (QGP) effects in
asymmetric collisions: p-Pb @ LHC energies 

(

Thickness functions

Overlap function

Overlap of the thickness functions q
in the transverse plane

Most of the system remains ‘cold‘: T<<TH
Þ Consider CNM effects on ϒ yields,

plus suppression in the hot QGP  
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CNM effects: Modified pdfs in the medium - gluon shadowing

Nuclear shadowing with EPPS16 pdf set

Gluonic nuclear modification factors Rg
Pb of the gluon pdf in Pb compared to p

(main contribution to ϒ production arises from gluon fusion) 
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(Ri = 1 for incoherent superposition of nucleons; x = Bjorken‘s parton momentum fraction).

Add the coherent parton energy loss according to F. Arleo et al., JHEP 05, 155 (2013) ff.

The bottomonium momentum fraction
is given by the kinematics of 2->1
processes

shadowing antishadowing

EMC

e.g. x2 = 2.5·10-5 at y = 4, pT = 6 GeV/c:
in the shadowing region
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QGP effects: Thickness functions and initial temperature profiles
in 8.16 TeV p-Pb collisions

bottom: temperature profiles for
central (dashed) and minimum-bias
(dotted) collisions; T0 = 460 MeV

top: thickness functions
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6. Rapidity dependence of ϒ(1S, 2S) yields in pPb at 8.16 TeV
vs. LHCb and ALICE data

Red: With hot-medium suppression

Data  LHCb:  JHEP 11, 194 (2018)
ALICE: Phys. Lett. B 806, 135486 (2020)

(T0= 460 MeV; tF= 0.4 fm/c)

Heidelberg model:

V.H. Dinh, J. Hoelck and GW,  Phys. Rev. C 100, 024906
(2019);

G. Wolschin, Int. J. Mod. Phys. A35, 2030016 (2020);
Universe 6, 61 (2020)

Blue: CNM effects only
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7. Conclusion: ϒ in p-Pb and Pb-Pb @ LHC energies

Ø The spectroscopy of ϒ mesons in Pb-Pb collisions at LHC energies provides 
information about QGP properties, in particular the initial central temperature. 
The ϒ(1S,2S,3S) states are suppressed sequentially.

Ø The theoretical model is found to be in quantitative agreement with the CMS 
results for ϒ(1S); improvements are needed for ϒ(2S, 3S). 

Ø In p-Pb, the CNM effects shadowing and coherent energy loss are decisive for 
a proper interpretation of the bottomonia modifications in p-Pb, but:

Ø The hot-medium (QGP) effects play a substantial role in the measured ϒ
suppression in p-Pb, which cannot be understood with CNM effects alone.
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