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1. Quarkonia

heavy quark (QQ = c&c, bl_)) bound states stable under strong decay

heavy: charm (m. ~ 1.3 GeV) or beauty (m, ~ 4.7 GeV)
stable: M. < 2 Mp and M; < 2 Mp

Mp. g open charm/beauty mesons (cu)/(bu)...

heavy quarks:

= quarkonium spectroscopy via non-relativistic potential theory

confining (“Cornell”) potential for QQ at separation distance r,

V('P)ZO'r—g
T

with string tension o ~ 0.2 GeV?, gauge coupling a ~ 7 /12



Schrodinger equation
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V2 4+ V(r)} D;(r) = M,d;(r)

determines bound state masses M; and wave functions ®;(r)

< rz-z >—= /d3r 7‘2|<I>,5(7°)|2

wave functions — average radii

binding energies
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mass [GeV]

3.10

3.53

3.68

9.46

9.99

10.02

10.26

10.36

AE [GeV]

0.64

0.20

0.05

1.10

0.67

0.54

0.31

0.20

AM [GeV]

0.02

-0.03

0.03

0.06

-0.06

-0.06

-0.08

-0.07

radius [fm)]

0.25

0.36

0.45

0.14

0.22

0.28

0.34

0.39




e N-R potential theory provides excellent account of quarkonium
spectroscopy

Ground states J/v¢, T

tightly bound 2 Mpp — My > Agep

small size 7/ v <K Th

How can they be dissociated?



2. Quarkonium Dissociation in QCD Thermodynamics

2.1 Heavy Quark Binding in Media

What happens if we separate Q and Q?

® in vacuum

confining string energy
F(r)~or
string breaking for F(r) > Fy
= light-heavy mesons (Qgq), (Qq)
String breaking energy for charm
Fy =2(Mp —m.) ~ 1.2 GeV
and for bottom

FO = Z(MB — mb) ~ 1.2 GeV

T=0




String breaking occurs when charges are separated by
ro >~ 1.2 GeV/o ~ 1.5 fm

property of “vacuum as medium at T = 0”

e in medium, 0 < T < T,

medium now contains normal hadrons (mesons)

overlap = dissociation via quark recombination

increasing T increases hadron density, lowers dissociation en-
ergy,

shortens dissociation separation = effective screening
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Near deconfinement point T' = T,., strong density increase and
consequences

F(r,T) F r
T T

T=0

Fy [
T=T,

F ,,,,,,,,,,,,,,,,,,,,,

Fl T=T,

S S

T:TZ

0<T, < Te<Th

0 1 T/Tc 0 1 T/T,

e in medium, T > T,

medium now consists of unbound colour charges
polarization around ) and Q: 3 colour screening
= screening radius rp(7') determines range of force

dissociation distance rr and energy Fr decrease further with T
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Conceptually clear: d three types of separation mechanisms

e T' = 0: string breaking

e 0 < T < T, quark recombination ~ effective screening

e I. < T': colour screening

What is the quantitative effect of these mechanisms?

N = 2 lattice QCD:

25

15

0.5

-0.5

T
| F(R,T)/c*?
T,
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0.87 —&=—

A
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Breaking point specifies force range,

large distance behaviour specifies maximum binding energy
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strong density increase near 7, causes strong decrease in both

What happens when force range < quarkonium radius?

Q and Q@ inside quarkonium cannot ‘“see” each other any more:
= quarkonium dissociates
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= dissociation points of quarkonia determine temperature,
energy density of medium

rp(T)VO _ | e/IT4 ‘ ‘ ‘ T<T;
M U Xe N
‘ ‘ T~11T,
UK Xc IV
| | | T>>T¢
g’ Xc IV

How can one calculate quarkonium dissociation points?
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Two possibilities:

e solve Schrodinger equation using a temperature-dependent heavy
quark potential V (r,T)

e calculate quarkonium spectrum directly in finite T lattice QCD

2.2. Potential Models for Quarkonium Dissociation

e model heavy quark potential (Schwinger model)

T

V(r,T) = ar{

1 — e H" o
r

ur

with screening mass u(7T) = 1/rp(T)

solve Schrodinger equation: with increasing 7T, bound state 2
disappears at some p;(T) = u(T;)

use screening mass from lattice estimates u(7) ~4 T for T > 0
to determine dissociation temperature T;
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charmonia: v’ and 'x. dissociated at T' ~ T,

J/Yat T ~1.21T,

e determine potential V (r,T) from lattice studies of heavy quark
free energy:

F=U-TS, S=(0F/0T) specifies internal energy U(r,T)
V(rT)=U(r,T)=F((r,T)—T((OF/0T)
with Ny = 2 lattice results for F(r,T).

solve Schrodinger equation: with increasing 7T', bound state 2
disappears at some T;

v’ dissociated at T'~ 1.1 T,
X dissociated at T'~ 1.2 T,
J /v survives up to T 2> 2 T,

charmonia:
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e reason for later dissociation: U(r,T) provides stronger binding
than Schwinger model potential

ambiguity in specifying “lattice” potential: U(r,T) or F(r,T)
F(r,T) results ~ Schwinger model

various alternatives: V(r,T) = a F(r,T) + b U(r,T) reduce
binding, lower dissociation temperatures

resolution: determine dissociation points directly in finite T lat-
tice QCD

2.3 Lattice Studies of In-Medium Charmonium Survival

determine cc spectrum o (w,T') in specific quantum number channel
as function of cc energy w

results for quenched and unquenched (INy = 2) QCD agree
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schematic pattern 0.2

lattice resolution limits
precision; reliable only

for resonance peak strength,
position, not width,

not continuum (w > 4 GeV)

charmonia

preliminary conclusion:

I X¢
oy (M,T) 0.75Tc o, (M,T) 0.75Tc
- 1.5Tc 1.1 Tc
2.3Tc 0.0501~
3.0Tc
0.1~ 0.0251
| | | |
2 3 4 2 3 4
M [GeVI1 M [GeVI1

X 1s dissociated for T' > 1.1 T,
J /v persists up to 1.5 T, < T < 2.3 T,

— J /1 melts around 2T,

— higher excited states melt near T,

in accord with direct lattice calculation and potential model studies

e caveat: physical widths
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3. Dynamics of Quarkonium Dissociation

Study of global medium effects on quarkonia

= only hot deconfined medium can dissociate ground state

deconfinend medium: constituents are unbound partons

confined medium: constituents are hadronic “comovers”

why cannot collisions with hadrons dissociate J /17

Collision Dissociation of Quarkonia

consider J /1 dissociation:

® J/v is small (r;/4 ~ 0.2 fm), resolved only by hard probes

e J /v is tightly bound (2Mp — M, ~ 0.6 GeV), dissociated only
by hard probes

how could hadrons interact with J/7

18



I

I~

J /1 interacts with gluon in hadron

gluon momentum distribution (PDF)
in hadron, g(x), with = 2k/+/s,
as determined in DIS

Oy

for pions, g(x) ~ (1 — )3, hence

1
<kg>h25<ph>

in confined matter, < p;, >~ 3T, with T' < 175 MeV:

3
< kg >p~ gT < 0.1 GeV K binding energy 0.6 GeV

= dissociation in hadronic matter impossible: gluons in hadronic

constituents of confined matter are too soft to dissociate J /¢
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in deconfined medium, '
9-u
< kg >~3T 1e+00 "-uJ
so that for T' > 1.2 T, =
enough energy to %
overcome J /1 binding le-01
More quantitative: |
gluon dissociation (QCD photo effect) te-0p Lo
1 10
k [GeV]

4. Quarkonium Production in Nuclear Collisions

Aim: probe medium produced in nuclear collisions by studying the
fate of quarkonia

How to produce the charmonium to be put into the medium?

20



4.1 Quarkonium Production in Hadronic Collisions

cc production: P 1%1
g ¢

hard process calculated in perturbative QCD

with PDF determined from DIS :gf' c

fixed fraction of subthreshold c¢ production = charmonium
colour evaporation model

Ohh—d/(8) = Fi/p Ohh—ce(Mee < 2Mp; S)
with /s ~ cms collision energy
energy-independent fractions f; for all charmonium states 2

(similarly for bb and bottomonium)

= correct size & energy dependence of all quarkonium cross sections

21



J /1 formation and time scales:

fp(@

p o
LXQH [
0.05 fm 0.25 fm
pre-resonanc Jv hard | pre-resonancg resonance
;gN(( C Tce = 1/2m¢ 1g =1 2mAqcd
Y
fp(9)

in hadronic collisions, hadron PDF’s and c¢ formation in vacuum

4.2 Quarkonium Production in Nuclear Collisions

nuclear collisions: R ffi(g) "
— modified PDF’s E
shadowing /antishadowing T v
— evolution in nuclear matter )jff c
pre-resonance absorption A
fA(Q)
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hence J /1 production is modified in nuclear medium,
independent of/before any QGP formation and QGP effects

= must take that into account before looking for QGP effects

How?
both in theory and in experiment:

dilepton, open charm and charmonium production

in pA/dA collisions

essential for any understanding of quarkonium production in nuclear
collisions

Procedure:

e determine PDF’s in nuclear matter by open charm & dilepton
production in pA/dA in the relevant kinematic regions;

e predict production of the different charmonium states via colour
evaporation model;

e determine pre-resonance absorption by J/v & 1’ production in
pA/dA in the relevant kinematic regions (Glauber analysis).

23



Assume: PDF modifications, nuclear absorption, pre-resonance ef-
fects are accounted for; what remains?

4.3 Sequential Quarkonium Suppression

J /1 production in hadronic collisions:
e ~ 60 % direct J/4(1S) production

e ~ 30 % decay x.(1P) —» J/¢¥ + «x ‘ ‘ ‘ T<T.

e ~ 10 % decay ¥'(2S) —» J/¢¥ + x X I
(Mo | /T4
A ‘ T~11T,
T N
1 1 1 T>>Tc
! Xe W

In a thermal QCD medium, higher excited states are absorbed
at lower temperatures, energy densities: first ¢/, then ., last 1)’

24



Hence: if
— nuclear collisions produce a thermal QCD medium, and
— nuclear /pre-resonance effects on charmonium production

can be accounted for

then J /1 suppression should be observed in sequential form

z
S ..
©
o
o
(N
'
=
>
o 1 !
(0))]
5 (2S)(1P) (1S)
™ : :
€(2S)e(1P) €(19)

Energy Density

with suppression onsets and amounts predicted by QCD
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4.4 Charmonium Regeneration

so far: charmonia as “outside” probes, pre-QGP production
no thermal charmonium production in QGP:

exp{—My,,/Tc} ~ 1078
but what if initial QGP contains more than thermal amount of

charm quarks?

e cc production is hard process ~ N_.,, in contrast to soft hadron

(u,d, s) production ~ Npgp
[ breaks down at high energy, parton saturation]

® increase collision energy — increase charm content in produced
system

e c or ¢ from a given nucleon-nucleon collision can at hadronization
bind with charm constituents from different collisions

34 new exogamous charmonium production mechanism;
c and ¢ in such charmonia have different parents,

in contrast to introgamous production in pp
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Predict:
High energy = enhanced J/v production in AA re pp

Scenario:

e at sufficiently high energy, charmonia from primary production
(introgamous) melt in QGP;

e QGP is over-saturated in charm (higher charm abundance than
in thermal equilibrium), due to charm production ~ number of
collisions;

e at hadronization, statistical combination (regeneration) of cc
pairs from the set of all (exogamous) charm quarks in QGP
more than compensates the removal of primary production;

e at high energy, J/1¥ enhancement, not suppression

How to distinguish between

— J /1 suppression in equilibrium QGP

— J /1 enhancement by charm over-abundance?

27



Remove nuclear matter & (at high energy) beauty decay effects

exogamous regenerati

e overall J/v survival:

suppression vs. enhancement

at high energy densities

sequential suppression

J/W Production Probability

Energy Density

2
[<PT3A - <§ o 180
10

e pr behaviour:

initial state parton scattering sequential suppression

vs. final state charm production exogamous regeneration

Centrality

e in general, regeneration — quarkonium momentum distributions

as convolution of open charm momenta
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5. Conclusions

In statistical QCD, quarkonium spectra provide an unambiguous
tool to determine temperature/energy density of QGP.

In nuclear collisions?
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5. Conclusions

In statistical QCD, quarkonium spectra provide an unambiguous
tool to determine temperature/energy density of QGP.

In nuclear collisions?

e If J/v production remains “external” probe (no regeneration),
sequential suppression leads to a quantitative QCD prediction

I

T =12TF T 3T

|“ll

WxWP Y X,Y'Xp beY’ Y
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5. Conclusions

In statistical QCD, quarkonium spectra provide an unambiguous
tool to determine temperature/energy density of QGP.

In nuclear collisions?

e If J/v production remains “external” probe (no regeneration),
sequential suppression leads to a quantitative QCD prediction

T~12-E T= 3T
PXP Y XpY'Xp Y XbY Y

e If there is regeneration & J/1 enhancement: clear evidence of
thermalization on a pre-hadronic level, but no thermometer.
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5. Conclusions

In statistical QCD, quarkonium spectra provide an unambiguous
tool to determine temperature/energy density of QGP.

In nuclear collisions?

e If J/v production remains “external” probe (no regeneration),
sequential suppression leads to a quantitative QCD prediction

T~121; T= 3T
WxWP Y X,Y'Xp beY' Y

e If there is regeneration & J/1 enhancement: clear evidence of
thermalization on a pre-hadronic level, but no thermometer.

There is much interesting work left to do...

don’t test models, try to answer questions
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