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Energy dependence of global observables
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central Au-Au collisions.

Energy density from
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Hadron yields signal chemical equilibrium

» From AGS energy on, all hadron yields
in central PbPb collisions reflect grand-
canonical equilibration

» Strangeness suppression observed in
elementary collisions is lifted

For a recent review see:

pbm, Stachel, Redlich,
QGP3, R. Hwa, editor,
Singapore 2004,
nucl-th/0304013
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Thermal model description of hadron yields

Grand Canonical Ensemble

V ;
In Z; =~ f° +p?dpn(l £ exp(— (E; — i) /T))

272 .
. TOE 5 o ip Fit at each
2 i — ] = === -
4 " V. Ou 22 ™ exp((E; — p;)/T) £ 1 energy
o .
pi = pBB; + psSi + prd; provides

for every conserved quantum number there is a chemical potential g values for
but can use conservation laws to constrain: T and L,

e Baryon number: VYombBi=44+N =V
T
e Strangeness: VinS, =0 — Ug
E Z-N
2

This leaves only p; and T as free parameter when 47 considered

e Charge: Vzl?léff = — {r,
L

for rapidity slice fix volume e.g. by dN_;/dy
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Hadro-chemistry at RHIC -- weakly decaying particles

All data in excellent

. o | | | | | | | [ [ | | |
agreement with 5 1 e e Jecomnapey .
thermal model - I 'F
predictions ul -y P
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- —  Modal 2
fit uses vacuum _3: T=185.5, 1, =38 Me¥ ]
I I I I I I I I I I I I I
masses P T KPAZOKKPAZ GO K
most recent analysis: T K p A Z QT oo KK
A. Andronic, pbm, J. . ,
pbm, d. magestro, j. stachel, k. redlich,
StaChel’ Phys. Lett. B518 (2001) 41; see also Xu et al., Nucl.
nucl-th/0511071 Phys. A698(2002) 306; Becattini, J. Phys. G28 (2002)
Nucl. Phys, A772 1553; Broniowski et al., nucl-th/0212052.

(2006) 167
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Hadro-chemistry at SPS
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Open Issue: the NA49 ,,horn* in K/t
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excitation functions and thermal model predictions

+

i

K K"

p/p

2 ) +ﬁ 10 [E1 T TTTTTT T T IIIIIII T T TTTTIIT T TTTTH

N ® Data P = 3

& L = ® [Data T

- —— thermal model B N

L = — thermal model 1

15 1 E 3
= -1

B LU 3

| = 3

L = o

L + t }

1= e - i

075 02— .

o5 = .

2 o1 —

025 B ]

O B : | | i

1 = E e 08 T

= —_ = -

ar e B ]

©E SRE o =

20 B ]

10 E ]

E R o -

A B 5

10 B ]

= 0.05 i

'd_ — =

10 & 7

O_ IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIII_

g, (GeV) 10 10° 107
e, (GeV)

Peter Braun-Munzinger

» TECHNISCHE

UNIVERSITAT
DARMSTADT




Parameterization of all freeze-out points

= qma ORI AR i RS : II—:
note: establishment of = 1o " + "
limiting temperature E E
Tlim = 160 MeV z%: W fits, dN/dy data :%

ssis f_:: et A b — A b H—— ::::
get T and pg for all g "E
energies -0 i

A. Andronic, pbm, J. Stachel, i H*\:
Nucl. Phys. A772 (2006) 167 = e s
nucl-th/0511071 A5, (GEeV)

TECHNISCHE

) === 1L UNIVERSITAT
Peter Braun-Munzinger DARMSTADT




The QCD phase diagram and chemical freeze-out (I)
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How Is chemical equilibration achieved?
Our Scenario

= Strangeness saturation takes place in the QGP phase.
= Phase transition is crossed from above.

» Near T, new dynamics associated with collective excitations will
take place and trigger the transition.

s Propagation and scattering of these collective excitations
(Goldstone bosons) 1s expressed in the form of multi-hadron
scattering. Near T, multi-hadron processes will therefore be

dominant. Chemical equilibrium 1s reached via these multi-hadron
scattering events.
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Chemical Equilibration must take place in the
Hadronic Phase

Hadron yields determined by Boltzmann factors with 'free' vacuum
masses.

Particle distribution in QGP phase has no 'memory’ of vacuum
hadron masses .

Relative yields are not determined by the strange quark mass but
by individual strange hadron masses (at fixed T and m).

But: the number of strange quarks i1s determined in the QGP
phase! Equilibrium then implies redistribution of strange quarks.
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Chemical freeze-out takes place at T !

* Two-body collisions are not sufficient to

bring multi-strange baryons into TS 1 L
equilibrium.
@ The density of particles varies rapidly =T * .
with T near the phase transition. 10
@ Multi-particle collisions are strongly i |
enhanced at high density and lead to chem. MR
equilibrium very near to T, 6 - s

Al Stat Model |

L B -
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Lattice QCD calcs.

By F. Karsch et al.
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Density dependence of characteristic time
for strange baryon production

@ Near phase transition particle density

185 170 175 180 185 130 TiMeW) varies rapidly with T.
Em e e R E LR @ For small L;,, reactions such as
:‘; KKK7tt—QNy,, bring multi-strange
e E baryons close to equilibrium.
: @ Equilibration time T o< T
i & T i @ All particles freeze out within a very
: narrow temperature window.
10" - i
10"k —_
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Chemical freeze-out determines T, for small

phase transition brings multi-strange (and all other hadrons)
into equilibrium

chemical freeze-out temperature closely coincides with
critical temperature

determination of a fundamental QCD parameter from
experiments on hadron production in ultra-relativistic
nuclear collisions

T.=160 (+12 -16) MeV

2 sigma discrepancy with latest lattice resuts of
Bielefeld/Columbia/BNL group, but in agreement with
Fodor et al., see also T. Hatsuda, hep-ph/0702293
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The limiting temperature 1s T,

Z 1ef o
= roob = B
Tji, = 160 MeV E :
T, = 160 (+12 -16) MeV co W
= f_ :: H ::
estimated systematic errors > |
A. Andronic, pbm, J. Stachel, ; :
Nucl. Phys. A772 (2006) 167 = o v
nucl-th/0511071 A5, (GEeV)
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Charmonia and open charm as a probe for the properties
of the QGP

* production of hadrons with heavy quarks: also

thermal?
e charm quark mass >> T special role of charm
 charm quark mass >> Aqcp and bottom

production of charm quarks early, in hard collisions
no thermal production
production of open and hidden charm hadrons late
separation of time scales brings in new physics

gEl,  TECHNISCHE
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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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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
but see: A. Mocsy, P. Petreczky,

hep—ph/0705 2559 == I TECHNISCHE
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In-medium modifications of charmed hadrons

decreasing plateau in the free energy may also imply a
reduction in D meson masses: the light constituent quark
looses 1ts mass near T

this may lead to a reduced in-medium charm quark mass

Peter Braun-Munzinger
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Remarks on production of open charm and charmonia

charm quark mass >> Agcp production described in QCD

perturbation theory

all calculations employ gluon fusion as starting point

argument 1s energy independent until global energy conservation
very close to threshold becomes important

production of charm quark pairs takes place at timescale 1/m,

m.=15GeV --> t.=0.131fm

to build up wave function of mesons including those with open
charm needs about t = 1fm --> charm production and charmed
hadron formation are decoupled

overall cross section 1s due to production of charm quark pairs
time scale 1s much too short to dress the charm quarks
essential to take current quarks

IE5= 1L Y UNIVERSITAT
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Formation time of quarkonia

heavy quark velocity in charmonium rest frame:

v=0.55forJ/y  see, e.g. G.T. Bodwin et al., hep-ph/0611002

minimum formation time: t=radius/v =0.45fm

see also: Huetner, Ivanov, Kopeliovich, and Tarasov,
Phys. Rev. D62 (2000) 094022; J.P. Blaizot and J.Y. Ollitrault,
Phys. Rev. D39 (1989) 232

formation time of order 1 fm

formation time 1s not short compared to plasma formation time
especially at high energy
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formation time of open charm hadrons not well understood

presumably similar to charmonia

separation of time scales for initial hard
process and late hadronization/hadron
formation 1s called ,,factorization*

rigorously proven for deep inelastic
scattering
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charm conservation equation

no medium
effect

'

Oce =— 1/2 [O'DJr T @p- T Epe + @ge T @4, T OA. ]

medium effects on charmed hadrons affect redistribution
of charm, but not overall cross section

it 1s not consistent with the charm conservation equation to
reduce all charmed hadron masses in the medium for an
enhanced cross section
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Charmonium regeneration models

* 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

* all charmonia are dissolved in QGP or not produced 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 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
* all charmonia are produced in the QGP via charm quark
recombination

— yield ~ N 2 -- quarkonium enhancement at high erllg%i]e[s ECHNISCHE
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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, Nucl. Phys. A (in print)
A. Andronic, pbm, J. Stachel, K. Redlich,
nucl-th/0701079, Phys. Lett. B (in print)
pbm, nucl-th/0701093 J. Phys. G (in print)
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Results from kinetic model

R.L Thews, A
HUCI_tNO6O9 1 21 . @@ [n-Medium Formation. T, = 0.5 GeV
J. Phys. G30 (2004) S369 g4 i |

F— Dissociation Only, T, = 0.5 GeV

. il PHENIX (Prelim)
B + m wm Dissociation Only, T, =0.35 GeV
UB i e L L
i u N 5 n F
Vo
Ru Ko o
data described for a 04 b, . :
specific set of QGP
parameters and 0.2f
charmonium production
Cross section s o .
ﬂD 100 ﬁﬂg 00
part

hard to make a quantitative
prediction

will concentrate on statistical

hadronization model
==
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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

Neg << ¥— Canonical: J Cleymans, K Redlich, E.Suhonen, Z. Phys. C51 (1981} 137

charm balance 5
equation —> Ng =

1 hfl( Nh) 3 arth

Outcome: Np :ggVﬂ%ﬂf’f{} Nyt = gcvnﬂp

Inputs: T', pp, V =NGP/nih N (pQCD)
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Ingredients for prediction of quarkonium and
open charm cross sections

* open charm (open bottom) cross section in
pp collisions

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

result: quarkonium and open charm cross sections
as function of

energy, centrality, rapidity, and transverse
momentum

TECHNISCHE
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Cross section for charm production

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

in leading order there are 3 important diagrams:

g C g g

M C C

Peter Braun-Munzinger
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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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total cross section

14+ (1-y)/2
- ({7

- ol
gEEr o0 64; ]}2(-§-+ 7)1 --}/)”3+%3((4+ 27v)1n

-4u+yx1—yr”)

14 (1-y)/2 yi/2\ _2 1+(1_Y)1!2j[
+6(2',}’ 11!11“(1 )T - 4(1+y)(1-v) )- 32'}’(1—'}’)1111 (1)

with y=4m?/s <1,

this result plus NLO/NNLO/FONLL corrections are currently the
basis of all open charm calculations (see, e.g., the calculations by
Cacciari et al., discussed below.
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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

I)J,/E.i:" - {] \j{}iéu {]U

+; —
AA x'.
Neoit - AN /dy

1f Oprell-yan < Neoll » Raa 18 equivalent to NASO
definition, except for 'cold nuclear matter' effects
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charmonium suppression at RHIC
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Comparison of RHIC and SPS Results

MNAS0D, Scomparin's talk at QMOEG, O<y<1
& — O MA38, Scomparin's talk at QMOG
m1 2 ® NAB0, Scomparin's talk at QMO0B&
— [ | PHENIX, nucl-ex/0611020, Au+Au |y|g[1.2,2.2]
- » PHENIX, nucl-ex/0611020, Au+Au |y|<0.35
T
. 0.8 i ]L
surprize: i
no energy dependence 0.6/ %%&
= . @H
0.4 E m E E
0.2~ @ @

cov v b b b b b La g
00 50 100 150 200 250 300 350 400
N

part

comparison produced by
R. Granier de Cassagnac
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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
1 B I ®  Aurhn |y|=[1.2.22]
- Cu+Cu |y|=[1.2.2.2]
- Au+au |y<=0.35
- Cu+Cu Jy]=0.35
L - d+au |y|=[1.2.2.2]
0.8 8] d+au |y|<0.35
0.6—
0.4 —
0.2—
~ « PHENIX preliminary ___—
uI!IIIIlIIII|IIII|IIII|IIIITIII-I-I-T-I-I-I-|IIII
0 50 100 150 200 250 300 350 400
Npar‘t
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Sequential Melting — schematical picture

2
L I o NN R e e
i o
3
b : .
Raa & |
< |
2 _
c, ) ‘
2 (2S)(LP) (1S)
% | [
— ] ‘
if J/y does not melt, the R €(2S) E(1P) €(1S)
factor should level off Energy Density

at around Ry 5 > 0.6
AR note: ¥. and ¥' not measured at RHIC

| pA data at lower energies (HeraB) suggest:
v) 1/ )< 0.35

(loss of feeding from . and
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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
- NAS50, PbPb, J/psi / DY
1.2~ 0 PHENIX AuAu / RGdC CNM, y=1.7
. » PHENIX AuAu / RGAC CNM, y=0
= [ S A % ................................................. I
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Comparison of model predictions to RHIC data:
centrality dependence

predictions for J/y production £ 45— SHM pQGDdo,/dy=63.1 15
using NNLO pQCD results for % af T Feblf P""El';]l'fodia
open charm cross section by Z" 89 0 et 222
M. Cacciari, P. Nason, R. Vogt, x 3
Phys. Rev. Lett. 95 (2005) € 5
122001, hep-ph/0502203 2

good agreement, no free
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Centrality dependence of nuclear modification factor
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Comparison of model predictions to RHIC data: rapidity
dependence
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Prediction for LHC energy: enhancement rather than

suppression!
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ALICE@LHC

the ALICE TPC has been
installed 1n the experiment,
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TPC::Transport

transport of TPC on from assembly hall to
underground location
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TPC::Parking Position
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Simulation of dielectron mass spectrum

1 month Pb-Pb at ALICE
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back to SPS energy
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only moderately enhanced (2 x pQCD) cc_bar cross section needed

extrapolation to pp for y'/y ratio still problematic in the model,
although 1ntuitively clear
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Extrapolation of pQCD cross section to low energies

102 charm threshold
B, E e NLO,CTEQ5M (Vogt) ____'_.'--;';'Lai“ in NN: 5.1 GeV
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Statistical hadronization predictions for open and
hidden charm at low energies

100 x dN/dy
o

—a

10
= A D
10 A IO
= D,
3 O D,
10 e D!
¢ Jy(x10) © D
& ¢ W (x100) ¥ Af
10
10
Vs (GeV)

U, TECHNISCHE

] UNIVERSITAT
Peter Braun-Munzinger DARMSTADT




(dN/dy)/(dN,/dly)
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charmonium enhancement at LHC as a
unique fingerprint of deconfinement
in the hot and dense fireball

first results 1n about 2years from now

charmonium and open charm at low energies:
expect no strong medium modifications
in cross section near threshold to E/A =40 GeV
unique pattern of charmed meson abundances from
statistical hadronization at the phase boundary
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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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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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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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Quarkonia:

heavy quark bound states stable under strong decay
heavy: charm (m.~ 1.3 GeV) or beauty (m; >~ 4.7 GeV)
stable: M. < 2Mp and M,; < 2Mp

heavy quarks = quarkonium spectroscopy via
non-relativistic potential theory

| :
Schrodinger equation {‘_?.n.e,_, — — V24V (r); ®;(r) = M;®;(r)
me
- O
confining (“Cornell”) potential V(r)=0r — -

- - ‘} e [4
string tension o ~ 0.2 GeV*, gauge coupling a ~ 7/12
= r | (=] | /

= quarkonium masses 1; and radii r;
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