Quarkonium Production

review of models

= remarks about the experimental situation
= quarkonium suppression in the QGP
s ingredients and assumptions
= quarkonia in the QGP
= confrontation with data
= comover suppression
= cold nuclear matter effects

= models with quarkonium enhancement

= ingredients and assumptions

= annihilation of charm quarks in the plasma

= comparison of kinetic model predictions with data
= outlook
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Definition of Modification of Charmonium in the
Fireball

use Rp A to define charmonium modification experimentally
no need to normalize to Drell-Yan process
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1f Oprell-yan < Neoll » Raa 18 equivalent to NASO
definition, except for 'cold nuclear matter' effects
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Comparison of RHIC and SPS Results
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Centrality dependence of p; spectra at SPS energy

looks like initial state < 2 +
multiple scattering S 4oL
18 [
&
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1.6 _ S. Gavin and R. Vogt [47]
e - N.Armesto et al, abs. only [48]
I A — H. Armesto et al., abs.+comovers [48]
1.5 - —— D.Kharzeev et al, confined [46]
= D.Kharzeev et al,, deconfined [46]
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Centrality dependence of p; spectra at RHIC energy
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Charmonium suppression

original proposal: H. Satz and T. Matsui, Phys. Lett. B178 (1986) 416

assumptions:

e all charmonia are produced before QGP formation
* suppression takes place in QGP

e some charmonia might survive beyond T,

— sequential suppression pattern due to feeding
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Quarkonium Properties and Debye Screening

state Jo| xe | ¥ | T b i i X}, pigd

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

table from H. Satz, J. Phys. G32 (2006) R25

In the QGP, the screening radius rpepye(T) decreases with
increasing T. It rpepye(T) < Ieharmonium the system becomes

unbound — suppression compared to charmonium production
without QGP. The screening radius can be computed using
potential models or solving QCD on the lattice.
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Debye screening
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Free energy of a heavy quark-antiquark pair

color singlet free energy

F/(T)=UT)-TST) %

note: J/y 1s bound 500
by 640 MeV

JAy disappears for T 500 L8 . , . . .
>1.6 Tc 0 0.5 1 1:5 2 2.5 3

O. Kaczmarek, F.Zantow, PRD 71(2005)114510
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Debye Screening

screened potential for heavy quark-antiquark pair

Vig(r, T) = Z (1 _e—u(T)T‘) _ &e—u(m)r
)

Debye radius rpepye = 1/1(T)

IDebye ¢ 1/ng1/3 o< 1/(g(T) T)

state J /1 Ye (4

E? [GeV] 0.64 0.20 0.05
T 1o 1.1 0.74 0.1-0.2 | usingF,
T ST ~20 | ~1.1 & using U
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Spectral function analysis from Bielefeld group

vector spectral functions

. 0.9T, 1
G(u))/’mz 1 5T | |
0.8 ‘?’TC a
bound state
disappears for 0.6 -
T>225T,
0.4 ‘ -
0.2 \ |
/ w[GeV]
‘,‘\\‘ : o :
O J
Iy 2 20 25 30
lattice artefacts ? S. Datta et al., Phys. Rev. D69 (2004) 094507
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Conclusion of F. Karsch at Beijing Heavy Flavor Meeting

Xc-states disappear at T >~ T,
J /1 and 7. gone at 3.0 T,

qualitatively similar results in
QCD with light quarks:
G. Aarts et al., hep-lat/0610065

ultra-violet cut-off effects:
Wilson-doubler:
but: finite Brillouin zone:

need to get better control
over lattice cut-off effects

resolution statistics limitted
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Collision broadening in QGP

collisions of charmonia with quarks and gluons in the QGP broaden the
width of these states
estimate: density of partons in QGP n =4.25 T3

3 massless flavors

mean free path of J/Jy A =1/(n o)

c =J/y parton cross section take 2 mb as reference
(factor 2 smaller than NASO absorption cross section)

velocity of J/y in the QGP v = V3 T/m) = Viel
in-medium width I" = v /A

final result: T =200 MeV 1= 80 MeV
T=300MeV 1I'= 320 MeV
T =500MeV I = 1940 MeV
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Collision broadening in QGP

for T > 250 MeV charmonia, if they exist there,
will decay 1nside the QGP and will not
be reconstructed by experiments

prob.(decay inside) = exp(-I" Togp)

plasma suppression factor 0.5 for RHIC — not seen!

similar numbers for Y: smaller cross section
compensated by higher temperatures
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Too much suppression at RHIC in Standard QGP Scenario

standard scenario: all charmonia melt near T,

models tuned for SPS data fail at RHIC

J/yv nuclear modification factor R,

ﬁ T Capella et al. hep-ph/0505032 suppression from co-mowver
o= 1.21— E Grandchamp et al. hep-ph/0306077 suppression (no regen)
: --------- Kostyuk et al. hep-ph/030527 7 suppression in QGF
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Can sequential melting explain the data?

JAy should meltat T > 2 T,

€> 16 GeV/ftm3
Y and ' should melt at T,

e =1 GeV/fm3
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Sequential Melting — schematical picture
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Suppression pattern --- SPS and old RHIC data

S(JAw

assumption: 1.00
suppression 18

only due to ¥

' n?r—

and .

but J/y width 1s .l
large! +
Ecrit = ® In-In, SPS

E O Pb-Pb, SPS
3 0.25
JoZ GV w Au-Au, RHIC, |y| < 0.35

A Au—-Au, RHIC, |y|=[1.2,2.2] £ (GeV/fm?3)

2 3 4 5

F. Karsch, D. Kharzeev, H. Satz,
Phys. Lett. B637 (2006) 75 preliminary RHIC data, no full

error propagation
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No experimental evidence for sequential melting

o A NABO, Inln, measured / absorbed
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Destruction of charmonia by comoving hadrons

interaction of pions or p mesons with charmonium leads to break-up
in the hadronic phase of the fireball

* charmonium break-up cross sections unknown, typically assumed
to be 1n the several mb range

* density of comovers must exceed 1/fm3 to make a significant effect
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Too much suppression at RHIC due to Co-Movers

J/yv nuclear modification factor R, ,
& . Capella et al. hep-ph/0505032 suppression from co-mover
o= 1.2 __ E Grandchamp et al. hep-ph/0306077 suppression {no regen)
: --------- Kostyuk et al. hep-ph/0305277 suppression in QGF
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Remark on the rapidity dependence of Ry 5

* since the energy density (in the Bjorken model) scales like
dN/dy, the suppression factor in the original Matsui-Satz
picture should have a minimum at y=0 or at best be flat in
rapidity.

* 1n the comover picture, the suppression factor should also
have a minimum at y=0.

inconsistent with PHENIX data

unfortunately there are no data on rapidity dependence of
J/y production at the SPS
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What about ,,Cold Nuclear Matter Effects‘

assumption: charmonia are formed very rapidly and are
subsequently destroyed by the two contracted nuclear pancakes
passing over them

note: time scale of charmonium production 1s comparable to
passing-by time at SPS, but much longer at RHIC and
especially LHC

expect small CNM effects at RHIC
none at LHC
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CNM effects are small at RHIC

curves: EKS shadowing and nucl.
absorption, 6,5 =0 — 3 mb

< . PHENIX, nucl-ex/0611020, Au+Au |y|<0.35
o, .| ———— RGdC, cold matter Glauber model, y=0
® -7 1.2 | L R. Vogt, nucl-th/0507027 (y=0, 6,,.=3 mb)
- O upw MB (Y.= A7) T o R. Vogt, nucl-th/0507027 (y=0, 6,,.=1 mb)
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Models with late generation of charmonium

* statistical hadronization model
original proposal: pbm, J. Stachel, Phys. Lett. B490 (2000) 196
assumptions:
e all charm quarks are produced in hard collisions, N, const. in QGP
e all charmonia are dissolved in QGP, no production before QGP
* charmonium production takes place at the phase boundary with
statistical weights
— vyield ~ N2 -- quarkonium enhancement at high energies
-- no feeding from higher charmonia
* charm quark coalescence or kinetic recombination model
original proposal: R.L. Thews, M. Schroedter, J. Rafelski,
Phys. Rev. C63 (2001) 054905

assumptions:
e all charm quarks are produced in hard collisions

e all charmonia are produced in the QGP via charm quark
recombination
— yield ~ N 2 -- quarkonium enhancement at high energies ——
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Many more papers on late generation

L. Grandchamp, R. Rapp, Phys. Lett. B523 (2001) 60
R. Rapp et al., PRL 92, 212301 (2004)
and refs. there
R. Thews et al, Eur. Phys. J C43, 97 (2005)
and refs. there
M. 1. Gorenstein et al., Phys. Lett. B5S09 (2001)277, ib. 524 (2002) 265
A.P. Kostyuk et al., Phys. Lett. B531 (2002) 195, Phys. Rev. C68 (2003) 041902
Yan, Zhuang, Xu, nucl-th/0608010
Bratkovskaya et al., PRC 69, 054903 (2004)
A. Andronic et al, Phys. Lett. B571 (2003) 36
A. Andronic et al, nucl-th/0611023
A. Andronic, pbm, J. Stachel, K. Redlich,
nucl-th/0701079
pbm, nucl-th/0701093
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Kinetic model of R.L. Thews

balance between formation and
destruction of charmonium in the QGP

needs rate equation and cross sections

dN |

Jly

S ='<vsF>pCNC;<vsD>pgN ;

dt Jly
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but: MANY THEORETICAL INPUT PARAMETERS

OPE Cross Sections g + JW < -->c+¢

8 | I I I | I I |

= Formation
=+ Dissociation

12
|

I
I
i

3

0 :
35 4 4.5 5 55 6

Sqrt{s} (GeV)
cross section 1s very large compared to total annihilation
cross section, see below



Temporal evolution in the Thews picture

Evolution of Charmonium Formation and Dissociation Rates
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Quarkonium Dissociation Rates from Thermal Gluons, OPE Cross Section
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Thews, Beijing workshop,
Nov. 2006



Results from kinetic model

R.L Thews,
nucl-th/0609121

F— Dissociation Only, T, = 0.5 GeV
&—® [n-Medium Formation. T, = 0.5 GeV

J. Phys G3O (2004) 8369 0.8 i b In-Medium Formation Plus Dissociation -
hi i B PHENIX (Prelim)
+ m wm Dissociation Only, T, =0.35 GeV
¥
06R| \ ., -
g - u N 5 - L
L L ] N -
R.-’L-"g . | | n
data described for a 04 i e o
specific set of QGP 1
parameters and 0.2f -
charmonium production .
Cross section ' B
) 100 200 00 400
Npars
hard to make a quantitative
prediction
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Transverse momentum distributions and Kinetic
recombination model

P Widths for J/y at RHIC200

Comparison of Direct and In-Medium Formation

]_O L T T T T T 1 T
€ Direct Production _ P
sl O Iyl < 0.35, PHENIX (Preliminary)
® 1.2 < y < 2.2, PHENIX (Preliminary) "
. m = In-Medium Formation -
Z o :
g i |
A —
B — ——
A%
S 3 ¥ & |
2 | ]
0 - | i j L | s o o al i \ i \ L4
10 100 1000
Ncn]_l

data not yet conclusive, Thews, Beijing, Nov. 2006
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Charmonium transport in the QGP

sy = 200 GeV Au + Au — Jhy + x
12FT T~ T T T T T91 * T T T T T T I-
(a) pQCD Adasta T  (b)thermal & s
1 ij \ _
0.8 _
< N
<
X 06 _
0.4 _
0.2 _
i .77 regenerated T ) regenerated
3 ALl T A N I OO A S M

0 100 200 300 400 O 100 200 300 400

Number of participants Npa‘rt

P. Zhuang, L. Yan, X. Zhu, N. Xu, nucl-th/0608010, and
Phys. Lett. B607 (2005) 107, approach similar to Thews
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Transverse momentum distributions in the transport

model
8 I 1 1 I 1 | I I I | I 1 1 | I 1 1 | I I I 1 |
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v Yan, Zhang Xu ]
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Charmonium regeneration a la Rapp

R. Rapp, D. Cabrera, Rapp et al. use for charmonium generation the
H. van Hees, original prescription of pbm, stachel,
nucl-th/0608033, based on Phys. Lett. B490 (2000) 196
statistical hadronization model _

MEAu-Au (200 A GeV) - firect

1.2F - =+ regeneration

—_— sum
20 o
—= T L 5fm/c

Tdiss: 1 25TC

(re)generation becomes

dominant for central 0.4F N e T TR
. - e @
collisions : » o
1A T e
0 2
[]II(II IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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part

% TECHNISCHE

. '}, UNIVERSITAT
Peter Braun-Munzinger -~ DARMSTADT




the following results are based on:

Statistical hadronization of heavy quarks in ultra-relativistic
nucleus-nucleus collisions

A. Andronic, pbm, K. Redlich, J. Stachel

nucl-th/0611023

all charm quarks are produced in 1nitial hard collisions

all charmonia and all hadrons with open and hidden
charm are produced at the phase boundary

no quarkonium production before or in the plasma

Y/ JN) = exp(-AM/T;) <10 % no feeding of higher

charmonia at all beam energies ———
IE== 1L 5\ UNIVERSITAT
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Y'/y ratio at SPS 1n agreement with statistical hadronization model

B e L (R (L (L (L (R
Z " sHm NA50 data
Z A E 2000
i no corona ® 1008
8 A
~ 10 PP

&

[N RN S (Y N SV S Y S NS R
0
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Method and inputs

Thermal model calculation (grand canonical) 7' pup: — ng‘?

.1
N — S0V (z s +ni) + g V(z nift + i

Nez << 1 — Canonical: JCleymans, K Redlich, E.Suhonen, Z. Phys. C51 (1991) 137

;1 Ii(g Nh)

A [N 2 arth

N&T — Ng,_, (g N AN
ac

Outcome: Np = g.Vnill /1 Ny = gCVanp
Inputs: T', pp, V =NGP/nih N (pQCD)

Peter Braun-Munzinger
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Parameterization of all freeze-out points

note: establishment of
limiting temperature

Ty, = 160 MeV

get T and ug for all
energies

A. Andronic, pbm, J. Stachel,
Nucl. Phys. A772 (2006) 167
nucl-th/0511071

T (MeV)

I, (MeV)

120

180
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Ingredients for prediction of quarkonium cross
section

* open charm (open bottom) cross section

* quarkonium production cross section in pp
collisions (for corona part)

result: quarkonia cross sections as function of
energy, centrality, rapidity, and transverse
momentum
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Annihilation of charm quarks in the QGP

* first note that production of charm quarks
in the QGP 1s strongly Boltzmann suppressed
--- consider only annihilation
e T e R T
* likely annihilation channels:
or

annihilation into 3 or more

gluons 1s strongly suppressed C+C—q+4q,

see nucl-th/0701093

e total annihilation rate: dl

= NN\ T ggUr)
dr

< > 1implies thermal average

Peter Braun-Munzinger
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Cross section for ccbar annihilation

based on M. Glueck, J. F. Owens, E. Reya,
Phys. Rev. D17 (1978) 2324

first compute inverse process:

g C g g

M C C

then use detailed balance
(time reversal)

I, TECHNISCHE
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total cross section

14+ (1-y)/2

L e - (e anin g g e )

64s

- 0 =
Gﬁ'&' °

14 (1-y)/2 i/ 2 1+(1—?P!2}
6(2}/ Ing—q—yyrz — 4+ -7) 2)-327/(1—’1’)1111_(1_?)1;2

with y=4m?/s <1,

using detailed balance yields final result:

e
S

T eg— ( ) = Ogg—ce - ' |
- " 4 \/_ — 4m?2s \/((’“‘ —2mZ)? — 4mg)

note: giving gluons a thermal mass ~gT in the plasma will
reduce the cross section.
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differential cross section

dg8e~ e o 2
T agay (12M o+ M+ M,

+6M  +6M - 3M,), (A1)
with
4 2 2
M‘”=52 (t —m2)u —m*®),

-2
M =— Y (- -2
/9 TSR [4m2* — (t =12 — m?)

+ 2m3(f —m?)],

.(____....2_2_)? [41ﬂ - {3{ -} }(f — ”?2)
+ 2m3u —m?)], (A2)

M. .= L [?_”4 — s + H]

5 o(t —m?) : >

: .4 a
M“’_S(u - [m? = (s +u)],

P P

M il [4?1? + (f=m®)+ (0 —m?)],

W5 m P g - m® ——
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further evaluation needs expansion dynamics -- Bjorken hydro

T . IN/d;
(321N T8 = 3.8—L2

"

45 A,

volume: Wiy = l,m)=dy7

total annihilation yield:

o dNLdy(to) 5 1 fdT
N anni - ks s /
e | A

dy T \Teagr)

T
& !
.
T

L

with Ny = 2.2 and 1ty = 1 fm, get 2 scenarios:

CTh =295 M _53f note: annihilation yield depends
RHIC: To = eV, Te=251m only logarithmically

LHC: To=325MeV, 1.=8.3 fm on expansion scenario
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numerical results

temperature dependence of thermal
average for o, = 1,
to get upper limit

thermal average evaluated in
Boltzmann approximation
following Lin & Ko,

PRC 62 (2000) 034903

cross section 1s of order
0.1 mb
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evolution of charm quark density:

dN./dy(T) & dN./dy(To)
Vigag=17]" ViAg=1,7)

Hg =

total annihilation yield

Te

Negmt = [ Z2v(Ay =1,)dr
| dT

T
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annihilation fraction

0.9

0.8

annihilation fraction
1s less than 0.2 %,
even at LHC energy

and with o = 1
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summary of annihilation calculation

* charm quark number does not change during plasma evolution
— quadratic term 1n J/\y production 1s unavoidable
e J/y formation in plasma is very small (<< 0.2 % of cc_bar)

— question of whether or not bound states of J/y exist 1s
immaterial for final production yield

* since charmonia formation time ( = 1 fm in rest frame, Blaizot
and Ollitrault, Phys. Lett. 217B (1989) 386) 1s comparable to the
initial time of plasma formation, all charmonia should be produced
at the phase transition, 1.e at hadronization
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Results and discussion for SPS, RHIC, and LHC,

see talk by Johanna Stachel
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