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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 at 
Brookhaven National Laboratory. It is funded by the "Rikagaku Kenkyusho'' (RIKEN, 
The Institute of Physical and Chemical Research) of Japan. The Center is dedicated to the 
study of strong interactions, including spin physics, lattice QCD, and RHIC physics 
through the nurturing of a new generation of young physicists. 

The RBRC has both a theory and experimental component. The RBRC Theory 
Group currently consists of about twenty researchers, and the RBRC Experimental Group, 
of about fifteen researchers. Positions include the following: full time RBRC Fellow, half- 
time RHIC Physics Fellow, and full-time, post-doctoral Research Associate. The RHIC 
Physics Fellows hold joint appointments with RBRC and other institutions and have tenure 
track positions at their respective universities or BNL. To date, RBRC has -40 graduates 
of which 14 theorists and 6 experimenters have attained tenure positions at major 
institutions worldwide. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was implemented at 
RBRC. These appointments are joint positions of RBRC and RIKEN and include the 
following positions in theory and experiment: RSP Researchers, RSP Research Associates, 
and Young Researchers, who are mentored by senior RBRC Scientists. A number of 
RIKEN Jr. Research Associates and Visiting Scientists also contribute to the physics 
program at the Center. 

RBRC has an active workshop program on strong interaction physics with each 
workshop focused on a specific physics problem. Each workshop speaker is encouraged to 
select a few of the most important transparencies from his or her presentation, 
accompanied by a page of explanation. This material is collected at the end of the 
workshop by the organizer to form proceedings, which can therefore be available within a 
short time. To date there are seventy-six proceeding volumes available. 

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was unveiled at a 
dedication ceremony at BNL on May 26,2005. This supercomputer was designed and built 
by individuals from Columbia University, IBM, BNL, RBRC, and the University of 
Edinburgh, with the U.S. D.O.E. Office of Science providing infrastructure support at 
BNL. Physics results were reported at the RBRC QCDOC Symposium following the 
dedication. A 0.6 teraflops parallel processor, dedicated to lattice QCD, begun at the 
Center on February 19,1998, was completed on August 28,1998 and is still operational. 

N. P. Samios, Director 
October 2005 
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Can we discover the QCD critical point at =IC? 
Report from the workshop 

March 9-10,2006 
T. Ludlam and H.-G. Ritter 

Experiments with high energy heavy ion collisions, and accompanying theoretical work, 
are now exploring a rich landscape across the phase diagram of bulk QCD matter. A 
recent example, of wide interest and significance, is the “perfect liquid” behavior 

, . Quark-Gluon Plasma 
I 

1 

observed in matter created at high 
temperature (T 2 170MeV) and near-zero 
baryo-chemical potential (pg 5 50 MeV). 
Experiments at smaller collision energies 
explore larger values of pg. Theoretical 
work, including recent results fkom lattice 
gauge calculations, indicates that the 
phase boundary between hadronic matter 
and the quark gluon plasma consists of a 
line of first order phase transition at large 
p ~ ,  ending at a critical point whose 
location is predicted to be in the range 
p ~ =  100-500 MeV, which is above the 
range currently being explored by the 
RHIC experiments, but within the range 
where the SPS and AGS experiments 
have been carried out. 

Matter Density p~ (GeV) 

In this picture the matter produced in top-energy RHIC experiments, as it cools, 
undergoes a rapid cross-over fkom quark gluon plasma to a hadron gas, but does not 
undergo a first-order phase transition. Direct evidence for a first-order phase transition, 
and measurement of the existence and properties of the critical point, would provide an 
essential quantitative understanding of the phase diagram, and would be a major step 
forward in the effort to determine the properties of QCD at high temperature and density. 

This workshop brought leading theorists in the field together with experimentalists from 
the SPS, the RHIC program, and the planned FAIR facility, along with RHIC accelerator 
scientists, to examine the current understanding fkom data and theory, and to see if an 
experimental search should be carried out with the RHIC colliding beams and the 
PHENIX and STAR detectors. 

Experimental searches focus on rapid changes, as a function of collision energy, in 
particle production ratios, collective behavior, and enhanced fluctuations in multiplicity, 
transverse momentum, or particle ratios near the critical point. Data consistent with such 
signatures have been found in experiments at the SPS, but no definitive conclusions have 
yet been possible. One of the main experimental difficulties is the fact that, in fixed 
target experiments, the interesting range of pg spans beam energies fkom -10 GeVh to 

i 



-160 GeV/n. Even for detector systems with very large angular coverage, such as NA 49, 
the kinematic acceptance over this range changes enormously, as do the systematic errors 
due to detector resolution, as the mid-rapidity range is focused into a forward cone that 
narrows with increasing beam energy. By contrast, in a colliding beam geometery, the 
same energy range can be spanned by beam energies from 2.5+2.5 GeVh to 10+10 
GeV/n (dS, = 5 - 20 GeV), and the detector acceptance in rapidity is independent of 
energy. 

Estimates presented at this workshop indicate that the energy-scan results fi-om NA 49 
could be reproduced at RHIC, with a factor of -4 improvement in the statistical error, 
with -100,000 central collisions at each energy point (-1 million minimum-bias events). 
The lowest energy at which RHIC has been operated so far is at the injection energy 
(10+10 GeV/n). At this point, the rate of minimum-bias Au-Au collisions is -100/sec. 
The RHIC accelerator staff express confidence that useful collision ratges can be 
achieved at beam energies as low as 2.5 GeV/n, but this is very much unexplored 
territory. Many technical issues need to be studied, such as magnet performance at low 
current, power supply regulation, beam lifetimes, tuning issues, etc. It is expected that 
the collision rate, at energies below injection, will fall as a po.wer law somewhere 
between l/y3 and l/y4, where y is the Lorentz factor. The corresponding collision rates 
are shown in the accompanying figure. 

10000.0 Even in the “pessimistic” scenario, a useful scan 
could be carried out in a relatively small number 
of weeks of running. Nonetheless, a definitive 
assessment of the prospects for collisions in this 
range will require some studies with beam during 
machine operation. It is estimated that the 
required study time is -1 day. It could be 
accomplished with proton beams (i.e., during the 
current RHIC run). 

1000.0 

100.0 

10.0 

For the longer term, electron beam cooling 

j 
could increase the luminosity by a factor of -100, 
provide a narrow, vertex distribution, and allow 
beam stores of long duration. This is similar in 
principle to the e-cooling at full energy that is 

100 now being developed for RHIC 11, but would be 
accomplished with much lower energy electrons. 

1.0 

0.1 
1 10 

Beam Energy [GeV/u] 

The PHENIX and STAR collaborations have expressed enthusiastic support for these 
measurements, and have begun to study the experimental issues. Considerations of 
triggering modes, luminosity monitoring, extended vertex distributions, and beam 
lifetime are under study, and these, along with refined projections for the expected 
luminosity, will feed into specific requests in forthcoming beam use proposals. 

ii 



In the closing discussion, the participants in the workshop reached consensus on the 
following points: 

Can we discover the QCD critical point at RHIC? Experimental and theoretical 
indications are extremely promising; it appears that such a program can be carried 
out with a very modest impact on the current planning for RHIC experiments; a 
successful outcome would rank among the major scientific achievements at RHIC. 
Experiments in the collider mode, with large-acceptance detectors, are ideal for 
such a program. 
A RHIC program to discover and locate the critical point is seen as 
complementary to future fixed-target experiments, such as CBM at FAIR, which 
can carry out detailed studies with rare probes. 
The community represented at the workshop strongly endorses the proposal to 
carry out machine studies at low beam energies during the current RHIC run. 
These are estimated to require approximately one day. A detailed plan and time 
estimate should be prepared and presented to Brookhaven management as soon as 
possible. 
We should aim at an initial program of about 10 weeks. The specific energy 
points to aim for initially are d&n= 6.3,7.6, and 8.8 GeV. These correspond to 
the NA 49 measurements. 
The organizing committee for this workshop will be expanded to a Working 
Group, including members from the STAR and PHENIX collaborations. This 
group will prepare for a follow-up meeting in the July-August time frame, at the 
time when beam use proposals are being prepared for presentation to BNL’s 
Program Advisory Committee as input for planning the RHIC run schedule for 
2007 and beyond. 
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Lattice results on the QCD critical point 
Frithjof Karsch, Physics Department, BNL 

.@ calculations for non-vanishing chemical potential (pg > 0) 
show a rapid transition from a HRG to a QGP; 
signalled by sudo!en ehanges in EoS and suseeptibi0ities 
fluctuations on the crossover line increase with increasing 
baryon chemical potential 

s strongly suggests the existence of a critical point 

9 a large critical value, pgit> N 300 MeV, is favored 

AB a value below pgit< N 600 MeV is likely 

RHlC at low energies, March 9-10, 2006, F. Karsch - p.1/6 



Fluctuations of the 
baryon number density (p  > - 0) 

d2 
baryon number density fluctuations: 

(Bielefeld-Swansea, PRD68 (2003) 01 4507; T 3  d(p/T)2 

9 T  PRD71 (2005) 054508 
- ((% - (W2) - p 2 0,lZf = 2  - 

I I I I I I I I I I V 

seeing "true" singular behaviour requires large 
volumes and/or high order Taylor expansions 

I I 

0 0.8 1 1.2 1.4 1.6 1.8 2 
0 

Tc, Bislefeld-Swansea (!$=a) - 
- T,, Forcrand, Philipsen (Nf=2) - 

T,, Forcrand, Philipsen (Nf=3) - 
Tc, Fodor, Katz (Nf=2+1) - 
s;, J.Gleymans et. al. ~ 

PdTO 

5 6 7  RdC at low energies, March 9-10, 2806, F. Karsch - p.2/6 0 1 



Isothermal compressibility 
of the quark gluon plasma 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

' 0  

inverse corn pressi bi Ii ty : 

ideal qij gas 

large density fOucQuations for pq > oj T < T c  
' 3 6 9 a C . o  Ova4va AIg9 by fnuctanati@ns in 8 

ang f l ~ c t ~ a ~ t i ~ ~ 7 s  
_ _  - - - JnarIce gas 

= o  n4 

("q)T = 
expect 1 

at chiral critical aoint 
N 770 MeV, smaller mq or larger V needed??!! m7r - 

resonance gas 
RHlC at low energies, March 9-10.2006, F. Karsch - p.3/6 



Volume and quark mass dependence of 
Lee-Yang zeroes 

strong volume dependence fit sensitive to fitting range 

0.014 

0.01 2 

0.01 0 

0.008 

0.006 

0.004 

0.002 

0.000 

p=0.04, m=0.0092 - 
p=0.16, m=0.0092 c+-----l 
p=0.20, m=0.0092 * 
p=0.04, m=0.0092 - 
p=0.16, m=0.0092 c+-----l 
p=0.20, m=0.0092 * 

IN IN 

crit = 0.1825(75) 4 2  

pgi t /T  = 2.19(9) 

0.0000 0.0005 0.001 0 0.001 5 0.0020 

V -+ 00 limit difficult to control, S. Ejiri, hep-lat/05006023 
the sign problem pops up again RHlC at low energies, March 9-10, 2006, F. Karsch - p.4/6 



Rad i us of convergence : 
lattice estimates vs. resonance gas 

Taylor expansion + estimates for radius of convergence ~ 2 n  = 

I I I I I I I I I I I  

2.5 

2 

1.5 

1 

0.5 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

n 

1 n 
A II I 1  

0 I 
or, S D.Katz 
040 (2004) i 050 

T < To:  pn N l .oforal l  n + pB cr it - 500NIeV 

l40VWEVER saion consistent VAViQh resoi7ai7ce gas!!! 
HRG analytic, LGT consistent with HRG + infi nite radius of convergence not yet ruled out 

RHlC at low energies, March 9-10,2006, F. Karsch - p.5/6 



P 

Est i ma tor for rad i us of convergence 

2.2 

2.0 

1.8 

1.6 

I .4 

1.2 

1 .o 
0.8 

0.6 

(Gavai, Gupta also analyze d m  and d m )  
T/T, 

m / 
0 //’ 

0 

0 

0 
0 

, Pepo 
4 6 8 10 

~ $E: ~ B / T  zli 3 ... but, do not yet want to draw a 
concl u si on on cri t i ca I behavior 

RHlC at low energies, March 9-10, 2006, F. Karsch - p.6/6 
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Fluctuations and correlations 
Basic idea: 

at c.p. 1 
- ( ( 6 q 2 )  + 00 - - 1 d B  

X B  - 
V dpg TV 

Susceptibilities diverge + fluctuations grow towards the critical point. 

Fluctuations can be measured in heavy ion collision experiments. 

Finite (and experiment-dependent) acceptance 

Separate acceptance from physics? 
w 
00 

Most fluct. measures can be expressed through two-particle correlator 

( 6 n p  f i n k  ) 

where 6np = np - (np).  

n :“i 
P 

n 

k 
E.g., Q = q(a)n; means: P , a  

P k W 3  

QCD critical point - p.5M 1 



Critical point 
The 2-particle correlator measures 4-point function at 4 = 0 (for p # k) .  
Singularity appears at 4 = 0 due to vanishing 0 screening mass mo --$ 0. 
(or S = l/m, +. 00). 

k k (8np8nk) = ( n p n k )  - ( n p ) ( n k )  > O - attraction 

Consider baryon number susceptibility: 

a Each term is N - 
rn? ’ +- (6B6B) N I /m ;  = S2. 

Enough to measure (6Np6Np) (Hatta’s talk) 

QCD critical point - p.7/11 



h, 
0 

Current status and summary notes 

Nontrivial fluctuations are seen. Both magnitude and energykentrality 
dependence are non-trivial. (Roland's talk). 

To understand what is observed - address this: 

what is physics and what is acceptance, etc? 

For small acceptance intensive measures - (acceptance)'. 

what is physics of the critical point and what is jets, initial state 
fluctuations, bubbles, etc. ? 
To resolve: 

p ~ :  jets - high p T ,  critical +- low p T .  
Js dependence: critical +- non-monotonous. 

Use measures which are less sensitive to these, 
e.g., Q p ~  or particle ratios. 

non-equlibrium effects - might turn on 1st order side of the e. point. 

QCD critical point - p.l1/11 
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FU 

20, I I I ,  I I I I  I I I I l l l l  I I - 
Simulation - - 

Statistical errors only: '51, 
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. Scaling laws apply above 

When aperture dominated: 
injection energies 

w Peak luminosity a y2 

No clear scaling laws apply 
below injection energies 

Injected beam already 
fills aperture 

w Magnetic field quality 
degrades very quickly 
Power supply regulation is 
an issue 

Strawman model 
w Peak luminosity a y3-4 

BROOKHAQEN 
NATI0/9T-A”L LABORATORY 

March 9,2006 

9.8 GeWu injection 
i .o 

0. I 
I i o  104) 

Beam Energy [GeV/u] 

T. Satogata - RHIC Low-Energy Operations 



Mode Beam Energy Nbunches Iondbunch p* Emittance Lpeak 
[GeV/u] [io91 [ml [ELmI [ c m -2s-1] 

Au-AU 2001-2 9.8 55 0.6 3 15 8.0~1024 

Au-AU 2003-4 31.2 45 1.0 3 15-30 1.2x1026 
5 1, 1 15-4 

Au-Au 2-5 55 P,8 10 15-30 
Au-AU 25 55 1.2 3 15-40 2.0~1026 

h, 
W . Assumes expected luminosity scaling as y3 below 9.8 G e V h  . P*/aperture and integrated luminosity tradeoffs must be studied . Projections do not include potential improvements 

w Electron and stochastic cooling (peak and integrated luminosity) 
Lattice modifications t o  mitigate I B S  (integrated luminosity) 

w Total bunch intensity f rom vacuum improvements (peak luminosity) 
Small seP sf specific eRer and species?) skouid be Q bfidorkshap 

nin 
F 

BROOKHA~EN March 9,2006 T. Satogata - RHIC Low-Energy Operations 
NATI0,YKL LABORATORY 



Total Y BP Dipole 
Energy Current 

9.8 GeVh 10.52 81.11 430 A 

2.5 GeVh 2.68 20.69 110 A 

. Magnet currents scale with 
rigidity Bp which scale with y 

w 
0 

Field quality deteriorates rapidly at  
very low currents 

Currently have no magnet 
measurements at  very low currents, 
few at low energy . Must extrapolate field behavior 

for simulations 

kmeasukqemek3Ps are Q priori ty 
LsbA4-cuPrent magneP 

0 

-5 

-1 0 

-1 5 

-20 

-25 

-30 
0 

/ 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Measurements 
9.8 GeV/u 

- 2.5GeV/u 
- - - -  (Extrapolation) 

- 
- 

200 4160 60.0 800 f000 
Main Dipole Current [A] 

March 9,2006 T. Satogata - RHIC Low-Energy Operations 
NATIOW'L LABORATORY , 



-1 day of studies required in preceding run 

March 9,2006 T. Satogata - RHIC Low-Energy Operations 

Ini t ial  studies 
Trivially scale nominal injection t o  lower energies 
Provides reality check o f  power supplies, optics 
Test injection, establish circulating beam, optimize lifetime 
Ini t ia l  global optics measurements, f ie ld quality, tune scans 
I B S  growth time study require 3-6 hours ext ra time 

O AH but PBS grawfh evaRuaTion e m  be done with Rain6 p 

Later studies 
I B S  modification lattice development 
Field quality and detailed optics measurementkorrection 



w 
h, 

. No apparent show-stoppers for RHIC collisions at 5-50 GeV/u 
Lattice modifications t o  suppress I B S  should be studied 

. For energies 2.5-10 GeV/u, luminosity scaling is uncertain 
Field quality a t  very low currents should be measured/modeled 
P*=lOm likely required f o r  reasonable lifetimelaperture 
A 4 day study period in preceding run wi l l  be very beneficial 

O PdenOify pabAdeP suppsy, Uifetiane, 9uning isSues~uo"~7o'Oa?iQns 

. Above 10-12 GeV/u, luminosity scales as y2 with constant aperture . Study transition energy changes 
O WequiPed $=a avoid @3 GeV tmnsitiam Q%aueou ammd 26-23 GeViu  . Very similar t o  normal heavy ion operations 

. Low-energy cooling . Stochastic Palmer cooling under development, unkn,,d coolirg time 
Electron cooling is quite promising (see A. Fedotov's talk) 

March 9,2006 T. Satogata - RHIC Low-Energy Operations 



PSeyboth, MPI fur Physik, Munchen 
for the NA49 Collaboration 

,-I, 

Strong collective behavior in Pb+Pb (Au+Au) reactions: 
increasing radial and anisotropic flow AGS -+ SPS -+ RHIC 

Initial energy density reaches range of deconfinement at SPS 
Structure in the energy dependence of mT spectra and 

w w 

of pion and strangeness production indicate 
onset of deconfinement at low SPS energy 

0 No convincing signals of a phase transition or critical point 
in correlations and fluctuations yet, search continues 

O Fudher eils~o@riim@ntai sctudIes preferel7tiaiIOy vflvith a7 iimpmved 
detector shauOo! be done to explore the possibOs existence 
sf the critics! point of QCD 

PSeyboth: Energy dependence of Pb+Pb collisions at the CERN SPS 
Workshop: Can We Discover the QCD critical Point at RHIC ? BNL, 9/3/2006 



W 
P 

3 
Q, 

300 

I I O  I u2 

the step-like feature is not seen for pp collisions and 
models without phase transition do not show it 

consistent with approximately constant pressure and 
temperature in a mixed phase system 

(L.van Hove, PLB89( 1982)253; M.Gorenstein et al.,PLB567(2003)175) 
model curve SPheRIO S.Hama at al., Braz.J.Phys,34,322 (2004) 
PSeyboth: Energy dependence of Pb+Pb collisions at the CERN SPS 

BNL, 9/3/2006 Workshop: Can We Discover the QCD critical Point at RHlC ? 



Global viewv 

200 

A SIS,AGS 

1st order 

100 

500 1000 

(Lattice-QCD phase boundary: 
Fodor,Katz JHEP04(2004)05 0) 

8 
P, (MeV) 

- Phase diagram 

0 statistical model describes yields 

T of “hadrochemical” freeze out 
increases SIS + RHIC 

pB decreases (increase of pion 
production) 

from SIS to RHIC energy 

0 freeze out line E = 1 GeV / particle 
(Cleymans and Redlich, 

PRL 81(1998) 5284) 

hadrochemical freeze out parameters 
approach the phase boundary at SPS 

P.Seyboth: Energy dependence of Pb+Pb collisions at the CERN SPS r!q Workshop: Can We Discover the QCD critical Point at RHIC ? BNL, 9/3/2006 



QD increase of <n>I<NW> with energy gets steeper in the SPS range 
0 n deficit changes to enhancement compared to p+p 

n 35 
IC 

w 
Q\ 15 

IC). 

5 

I I 

I I I 

pions are most abundant 
produced particle species 
3 measure of entropy 

in statistical models 
SMES: statistical model of the 

early stage 

- (m m 
11' N 

)-I / 4 (Gazdzicki, Gorens tein : S 

Acta Phys.Po1. B30( 1999)2705) 

0 5 I BO 15 Increase of initial d.0.f. g 
0 

between AGS and SPS ? 1/4 F (GeVy) N SNN 

P.Seyboth: Energy dependence of Pb+Pb collisions at the CERN SPS 
Workshop: Can We Discover the QCD critical Point at RHlC ? BNL, 9/3/2006 



II 

w w LR 

4 

strangeness to pion ratio 
peaks sharply at the SPS 

SMES explanation: 
- entropy, number of s,sbar quarks 

conserved from QGP to freezeout 
- ratio of strangehonstrange d.0.f. 

rises rapidly with T in hadron gas 
- E, drops to predicted constant level 

above the deconfinement threshold 
<Ns+N5 > - 0.74 g, - 

note: < K > = 2 ( < K '  > + < K - > ) = 4 < K i  > suggests onset of 
deconfinement at SPS 

P.Seyboth: Energy dependence of Pb+Pb collisions at the CERN SPS 
Workshop: Can We Discover the QCD critical Point at RHlC ? BNL, 9/3/2006 



E 

lo4 

io3 

lo2 

10 

1 
I . . . . ,  

0 0.5 1 1.5 2 

lo 1 0 t 0.2 0.4 0.6 0.8 

0 0.2 0.4 
Single Event K l x  ratio 

max.likelihood fit for each event 

1111 S 

Increased fluctuation signal at 
lower beam energies 

P.Seyboth: Energy dependence of Pb+Pb collisions at the CERN SPS 
Workshop: Can We Discover the QCD critical Point at RHlC ? BNL, 9/3/2006 



The zigzags on the phase diagram 
0.25 

Both bar.charge and 
entropy are 
conserved : @ 20 

n-b/s=const(t) 
In resonance gas and 
QGP different 
formulae: curves do 

O1@t \\, , ,’\,~, , I not meet at the 

Of course they are @@5,11 0 5  111 1 5  20 

while expanding due 

critical !ins 

connected inside the II,<GI.VI 

mixed phase -heating 

to latent heat A decade old plot 
From C.M.Hung and ES, 
hep-ph/9709264, PRC 
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Macro theory expects 4 
- _ _  initial special points, not I ! 

-.. points r i  -T ... .. I I  leav i k  the critical point 
s '@. 1 ~qackaing the critical point 

eaching the softest point 

reaching the critical line 

Focusing effect '\,,(, '>ti\ 

(Macro theory=collision of very large nuclei, so 
Hydro is valid without doubt.. .) 

In passing: does (ideal) hydro work 
at low energy? 

Yes, radial flow 
(which is less 

influenced by 
viscosity) is OK 
Important point: one 
has to do dynarnical 
freezeout for each 
species and each 
system size! 
(not done by most 
hydro even for RHIC, 
important for s,y- 
depend en ces) 

_D c.wtr**, = 0 5 
D o T , = O  14GoV 
P- -A RQMD i l i i m 1 1 2 ~ h ~ l  nrf 

Y 
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Pion-pion interaction 
Inside the dashed line 

mo < 2Ex 
Pion-pion interaction gets 

mo < 2mn 
At the boundary of the the shaded 
region sigma acts as the Feshback 
resonance for cold atoms, maC..,img 
pion gas a Uiquid! 

11 repu nsive 

Pion potential induced by sigma 
Re (V-eff ( p=O , m-s i 
gma)) [GeV] vs the 
sigma mass [GeV] 
Change from 
attm ct i 0 w t 0 
re pu lsio n ! 
Note: a singularity 

at 2m(pion) 

0. 

0. 

0. 

- 0 .  

-0. 
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Now we 
go to 40 
GeVA, 
NA49 
Note the 

0.1 

FI 0.08 
> 
E 0.05 

a 0.04 
0.02 

0 

-0.02 

4.04 

-2 1.5 .1 .0.5 0 0.5 1 1.5 2 
rapidity 

0.15 

0.1 
0 

g 0.05 
0 

.0.05 

.O.f 

.0.15 

; 
* 

2 1.5 -1 .0.5 0 0.5 1 1.5 2 
rapidity 

0.3 collapse of ., 0.25 

c 
E 

the N flow 5 o.2 

midrapidity 0.05 

015 

0.1 
at 

os it so? 0 

-0.05 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

0.15 

; ; 0.1 
1 

0.05 

0 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Baryons go from light to heavy 
because quark quasiparticles are heavy 

6/= 

a u.5 1.5 2 2.5 3 

Unlike colored objects, 
Such as q, 9% 49 etc, 
Baryons (N ...) should 
Evolve through the 
QCD phase transition 
Continuously 
Their mass m u ~ t  grow 
Hrjnto the  SQGP side 

42 



Baryons, not quarks dominate d4 and d6 

2- 

i ? A 2 ~ l ~ A 2 p  = ((2I3)l B)"2 I/ 
1.5 Derivatives work like this: 

*For quarks dfn/d-n=l 
*For N and Delta+, DeltaO=l/S 
.For Delta ++ and Delta -=1 ' 

.For 4 N and 16 Delta = ,466 
0.5 

0 

1 

0.8 1 1.2 1.4 1.6 1.8 2 
11.. , . . , , , . . . . , , . - ,  , . . , , . . J 

T r L  
-0.5 

.46 
N+A 

Summary 
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Soft mode of the QCD critical point 
H. FLijii 

Institute of Physics, University of Tokyo, Komaba, Tokyo 153-8902 

In this talk I will focus on the soft mode associated with the QCD critical point, which 
is expected as an endpoint of the 1st order line in the T-p phase'diagram. 

In the case of nf=2 massless quarks, the chiral-symmetry broken phase in low T / p  
region is separated from the symmetry restored phase by a boundary line of singular- 
ity. Here we assume a tri-critical point where the nature of transition changes from the 
2nd to the 1st order although for a proof we would need dynamical information beyond 
symmetry-based arguments. At the tri-critical point the entropy and baryon number 
densities start to have gap, and accordingly their susceptibility diverge in addition to the 
scalar susceptibility. 

We may extend the phase space to T-p-m,d. As the quark mass value mud is increased, 
the 2nd order line is smeared out and an edge line of the 1st-order 'wing' surface originates 
from the tri-critical point. We call this endpoint singularity the QCD critical point. At 
this point, the susceptibilities of T ,  p and mud all diverge with the same singularity 
exponent. 

We know that mode softening generally accompanies with a critical point. When 
'm&=o, the sigma meson is regarded as the soft mode which degenerates with the pions 
at T 2 T,. 

What is the soft mode associated with the QCD critical point with mud # O? Regard- 
ing the singularity, the scalar channel is not special than the other baryon number and 
entropy channels. Furthermore, it is known that the susceptibility of conserved density is 
completely given by the 'hydro'-mode spectrum whose characteristic frequency vanishes 
as the wavenumber q goes to zero, irrespective of whether we are near or away from the 
critical point. Hence we expect that the 'hydro'-mode should bear critical behavior near 
the QCD critical point. 

We demonstrate this general argument by computing the mode spectrum within the 
NJL model, and give a brief discussion about the dynamica critical behavior associated 
to the QCD critical point. The effects of the coupling between the critical hydro-mode 
and other degrees of freedom, e.g., pions, are left open for further study. 

References 
1. H. Fujii, Phys. Rev. D67, 094018 (2003). 
2. H. Fujii and M. Ohtani, Phys. Rev. D70, 014016 (2004). 
3. D. Son and M. Stephanov, Phys. Rev. D70, 056001 (2004). 
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Introduction 
C2(o,nB,s) a t  critical points in NJL model 

r 1 I , - -__ 

Chiral critical point 
0 c5 is the flat direction 

I QCD critical point 
1 0  A valley in (&nB,s) space 

1 
-8.1 0 a.1 

Mar.9.06 RBRC workshop 



Divergence a t  a critical point accompanies 

P 
-4 

0 Chiral critical point + Xm diverges 
3 softening o f  (T meson (and n) 

-0 QCD critical point (endpoint of lSt order line) 
3 C, x P and Xm diverge 
3 WdI2a.t;- is ThiZ CPiTiCdI kl70dE There? 



P co 

Hydrodynamic modes 
Long-wavelength fluctuations o f  conserved density dists. 

e.g. Energy, Baryon number, o m . /  etc. 

0 

0 

an= 9.j 
From a text book (e.g., Forster), 

Susceptibility of conserved density is completely 

This is always true 9 

Mar.9.06 RBRC workshop 



Lesson f r om model result 
Rlyo!ro-rnode 0"s ~owd-lyimg due To conseu.vaOEom 
Chiral case: 

effective action is a function o f  G* + no linear mixing btwn (T and others 

linear mixing occurs among s, nB and (T 

QCD critical point: 

1 Schematic representation o f  the solution ~ 

.......... ....... ....... 
.... --+*.""hydro- 

........ ................ 
0g-j es .,..I. ... ........ ...... 

........ .......... .... ............. .... .................. 
-~ -. . 

I 
....... .. _...._. -..L.-*u! ................ . . . . .  



ul 
0 

Slow dynamics near QCO critical point 

G meson decouples: 

3 
4 
4 

slow dynamics o f  Tpv & nB + the same as liq.-gas 

U 

Other critical points: 
Critical point with finite iso-spin density ImS 

( Tpv & nB nr 1 c 

Critical point on T-axis I 

z - 

Tpv 
03 

Mar.9.06 RBRC workshop 



Baryon number fluctuation 
near the critical point 

Yoshitaka Hatta 
(RIKEN BNL) 

In the first part of this talk, we demonstrate that the baryon number 
fluctuation is enhanced in a large region in the T - h u  plane. 

In the second part we propose the proton number fluctuation as a signal 
of the critical point. 

Refs. Y. H . and T. Ikeda, Phys. Rev. D 67 014028 .(2003) 
Y. H. and M. Stephanov, Phys. Rev. Lett. 91 102003 (2003) 
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Crossover of two universality classes 
critical vs. tricritical 

Critical ( m  4 + 0 ) - 
2 
3 

E = -  

Tricritical ( m  a = 0 ) 



V
 II 

0
 A

 

0
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Proton number fluctuation 
Isospin blindness implies Y. H. andM. Stephanov, '03 

< PP >=< NN >=< PN > 
< Px' >=< Pz-  >=< N d  >=< Nx- > 

= 4 < P P >  

X I  - 0  - Divergence comes from protons! 

XEM =< PP > 



Hydrodynamical evolution near the QCD critical point 

Chiho Nonaka 
School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, U.S.A. 

Masayuki Asalawa 
Department of Physics, Osaka University, Toyonaka 560-0043, Japan 

Hydrodynamical calculations have been successful in describing global observables in ultrarela- 

tivistic heavy ion collisions, which aim to observe the production of the quark-gluon plasma. On 

the other hand, recently, a lot of evidence that there exists a critical point (CP) in the QCD phase 

diagram has been accumulating. Nevertheless, so far, no equation of state with the CP has been 

employed in hydrodynamical calculations. Here, we construct the, equation of state with the CP 

on the basis of the universality hypothesis and show that the CP acts as an attractor of isentropic 

trajectories. We also consider the time evolution in the case with the CP a.nd discuss how the CP 

affects the final state observables, such as the correlation length, fluctuation, chemical freezeout, 

kinetic freezeout, and so on. Finally, we argue that the anomalously low kinetic freezeout temper- 

ature at the BNL Relativistic Heavy Ion Collider suggests the possibility of the existence of the 

CP. 

Reference: Phys. Rev. C 71, 044904 (2005) 
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Singular Part near CP + Non-singular Part 
1 .Singular part of EoS near CP 

3d lsing Model QCD 
P = - T-T ,  Same Universality Class 

T,  (I", h) -a&) 1 P B  
h:extermal magnetic field 

Mapping: ( ~ , h ) -  (T,,U,) 
2. Singular Part + Non-Singular Part 

Matching with known QGP and 
Hadronic entropy density 

T 

3.Thermodynamical quantities 
Entropy density 

Chiho NONAKA 

Mapping QCD 

QGP /h 

Hadron 
PB 

E Entropy Density 

*.S,(T,pB) : Hadron Phase (excluded volume model) I 
SQ(T, P B )  : QGP phase IT 1 ApBcrit -.$!tFritical region 

5 

Choice of parameters: I 

Thermodynamical inequalities I Critical exponent near CP I I keeps.correctly. 
( g)lb,,N 0, ( 0, ( O 

Chiho NONAKA 
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Location of QCD CP: parameter 

CP 
ex. TE =154.7 [MeV], p E  =367.7 [MeV] 

s [frn”] 
18 

10 

cross 
0 -  

160 
80 

T [MeV] 

0 
over 

0 

/ 
1 st 

160 600 
400 200 so 

T[MeV] b C‘S [MeV1 

600 

entropy density baryon number density 

Chiho NONAKA 

. Isentropic trajectories:s/n,=const. 
0 

F r 
160 

120 

so 

(200,145) Wh?!? 0 (200,461) , 
4 1 P 

100 200 300 400 500 600 
k b  lMeVl 

T 

F z 
h 

without CP 
100 

160 

1’0 

100 700 300 400 . 500 GOO 
PB [MeV] 

‘. 1: 
=T%. 

.z.e 

M. Stephanov, K. Rajagopal, and E.Shuryak, 
PRL81 (1 998) 481 6 

I M 
Chiho NONAKA 
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Widom’s scaling low 

u NeVl 

Max. Eeq depends on rids. 
Trajectories pass through the region wher . vi&.- non-critical component of the EOS 
&,is large. (focusing) 

r 

Chiho NONAKA 

z = 3.0’ Model H 1Hal~erin RMP491771435 

0.2 0 -0.2 

0 .  

200 -170 -160 -153 -120 T [Me\ 

I 

0 0.1. 0.2 0.3 0.4 f-/Ltota 

In 3-d, the difference between geqand 5 becomes 

Chiho NONAKA 
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I 

I I  I 

Fluctuation - E3 

There is a possibility that the 
fluctuation shows some 
enhancement. 

3 

2.5 

2 
m- & 1.5 
m 
2JB 1 

0.5 

1 .n - - - -  . Shear Viscosity 200 180 160 140 120 10 

along trajectories LMe' 

(++O(e' ) )  

~ ~ 4 - d  

0 Entropy production is expected 
small. 

I ChihoNONAKA 

Hadron ratios 

I20 

Chemical freezeout point is focused? 

.) Not necessarily 

Chiho NONAKA 

Heinz :hep-ph/0109006 
dnrty U"lYB*IIO 

I 
quark-Qluon 

plasma 

hsryonlc FhOmlCnl gotnnllal ! i n  [GeV( 

*Statistical Model 
Free resonance gas model 

X I  
*At chemical freeze-out 
Quasi-particle state 

Csorgo, Gyulassy, Asakawa PRLSE 
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' T ,  vs collision energy 
1'; - 
11 - 
9- 7- 

EOS with CP 

Thermal freezeout takes place 
at lower Tf at RHIC? 

*T,(RHIC) > T,(SPS) 

c r y ,  , 1sti:r *, 
Entropy density 

u lMeVl 

QCD CP may exist between 
400 200 400 600 RHlC and SPS collision energy. 

"NN (GeV) Xu and K; xzNN (GeV) 

E Focusing in isentropic trajectories 

P Consequence: 
Fine tune collision energy is not necessary. 

fluctuations, 
U 0 

low thermal freezeout temperature at RHlC 

Existence and location of CP in phase diagram: 
Collision energy dependent experiments are 

indispensable. 100 300 500 700 
D lMeVl 

Future task 
Realistic time evolution (ex. 3-d hydro calculation) 
with critical point , 

Chiho NONAKA 
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I 

Prospects of 
a new ion program a t  the CERN SPS 

M. Gazdzicki for NA49-future 
Frankfurt, Kielce 

0 Physics goals 

NA49-futu re 

0 Experimental landscape 

Based on Letter of Intent of NA49-future Collaboration: 
"Study of Hadron Production in Collisions of Protons and Nuclei at the CERN SPS", 
CERA/-SPSC-2006-001 



Physics goals 

rn Study the properties of the onset of deconfinement: 
=is it possible t o  observe the 
predicted signals of deconfinement 
in fluctuations and anisotropic flow? 

=what is the nature of transition from 
the anomalous energy dependence 
measured in heavy ion collisions to  
the smooth dependence seen in 
p+p interactions? 

Search for the critical point of 
strongly interacting matter: 

-does the critical point of SIM exist in nature 
and, if it does, where is it located? 



0 0 NA49-future 

NA49-future = a proto-colla 
use the upgraded NA 

-measurements of hadron 

ents of hadron production in p+p and p+A 
interactions needed as a reference data for better 
understanding of A+A reactions, in particular correlations, 
fluctuations and high transverse momenta will be the 
focus of this study 

n hadron-nucleus 
and cosmic ray experiments 

The NA49-future Proto-Colla boration: 
80 physicists from 20 institutes and 14 countries 



Proj ec t status : 

Letter of Intent "Study of Hadron Production in Collisions of Protons 
and Nuclei at the CERN SPS", CERN-SPSC-2006-001, submitted to 
the SPSC in January 2006 

An recommendation of the SPSC expected in May 2006 

A one week long test run (p-beam) scheduled for August 2006 

Two running R&D projects: 

-a high resolution Projectile Spectator Detector 
(INR Moscow, together with CBM), 

-semi 
(Gas 

-cy1 i nd rica I 
Detector D 

GEM detectors 
ievelopment Group, 



Beam requirements: 

e 

E protons 200 

3 protons 30 

E hadrons 30-158 

: indium 10-158 

10: silicon 10-158 

11: carbon 10-158 

#days 

7 

30 

45 

30 

30 

30 

Ions for fixed target program a t  SPS possible only after 
the first, 2008, ion run a t  LHC 



(. 0 Experimental landscape 

energy 

acceptance 

event rate 

centrality 
co ntro I 
o\ 
06 

Physics comparison: SPS vs RHIC-low 

S PS ( NA49-f ut u re) 

5-20 5(?)-200 e 
RH IC-CP (STAR+. . -1 

471 (inciusive)c 
limited (e-by-e) 

30 Hz 

mid-rapidity (inclusive), 
271 mid-rapidity (e-by- ) 

1(?) Hz at low E 
e 

a full measurement (?I 
of NProjspec (PSD) 

NA49-f utu re: 
-perfect for a fast energy-system size scan, 
-very good for a study of properties of the deconfinement, 
-ideal t o  study fluctuations of extensive quantities 

RHIC-CP 
-very broad energy range, perfect for a search for the 
critical point, 

-excellent for a study of anisotropic flow and other 
azimuthal correlations (e.g. at  high transverse momentum) 

1 
W e  need both RHIC-CP and NA49-future 

running soon 
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w 1, 
h 0 i, K-, PHENIX, 200 GeV, 20-40% > 

W 

0 

0 x, NA49,8 GeV, 13-34Y0 

x, STAR, 130 GeV, 11-46% 

x, NA49, 17 GeV, 13-34% 

0.5 1 1.5 2 2.5 
PT (GeV/c) 

_ _  n n V." 9 1 0 J, KPHENlX20-40% > - 
Q) 0.7: rn xSTAR11-46% 

- 9 1 A h PHENIX 20-40% 
n 0.6: 0 nNA49 13-34% 
a 
9 n 0.5- 
cu 
v 

F 

4- 

U 

- 
- 0 xNA49 13-34% 

- - 
n Hydro+RQMD 6fm Teaney et al. 

; Ip I-/ 
-2 0.4+ 
e 
r 0.3 Is this a"step" in the 

energy dependence? 0.2 F 
0.1: t o  reduce errors 

- Use a single detector - 

- 

I 

10 

Fig. 16. vz(pT)/~ vs. pT for mid-central collisions at RHIC (filled symbols) and SPS 



The Search for the Critical Point of QCD: 
STAR Capabilities for Low dsNN Running 

Tapan Nayak 
CERIV, Geneva, Switzerland 

and 
Variable Energy Cyclotron Centre, Kolkata, India 

(for the STAR Collaboration) 



ZDC - 

1.2cp-4.4 GeVIc ' 1  I , 

, 0 8 2 0  

, I,, I ,  

0 0.5 1 1.5 2 2.5 3 3 -5 
0.6 " " r l " " " ' l ' l l " ' ' " ' ~ ' " " ' '  

p (GeV/c) 
Hadron identification: 
STAR Collaboration, rzucI-ex/0309OI2 

'rr Fabrication of MRPC based Time-of-Flight (ToF) detector for STAR 
is in progress. It is scheduled to be installed for RHIC RUN-9. 

The STAR experiment (with the inclusion of TOF) is an ideal 
detection device to search for the Critical Point of QCD and 
to carry on a systematic study of majority of the physics 
topics being addressed. 



-4 
-4 

* * 

% - 4 S - 2 - 1 D  1 2  3 4 
eta eta 

Pseudo-rapidity distribution of charged particles at 4 different centralities. 



STAR uses two BBCs wrapped around the beampipe: one on either side of the 
TPC. Each counter consists of two rings of hexagonal scintillator tiles: an outer 
ring composed of large tiles and an inner ring composed of small tiles. Internally, 
each ring is divided into two separate sub-rings of 6 and 12 tiles each. 

Table below gives the #of particles within BBC coverage for 

1 BBC can effectively be used for triggering for low energy runs. # 

two c.m. energies and four different centralities: 

5 

I 1  

22 

44 

27 

30 

35 

30 

AUAU E,.,.= 8.75 GeV 

54 l2 I 
21 57 

39 40 

66 8 

Version 4/16/01-2 
Updated 2/25!02 

BBC is sensitive 
down to single MIP 
falling on the 
detector. 
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k\ 

AGS SPS 

0 The QCD phase boundary is worthy of 
study, including that of the tri-critical point. 

0 Current investigations don’t indicate 
any problem carrying out this program 
with the STAR detector. 

Thanks to STAR Collaborators and in 
particular: 

Paul Sorensen, Bill Christie 
Jamie Dunlop, Nu Xu 
Zhangbu Xu, Peter Seybot h 

Tim Hallman 
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Purpose of the Study 

To identify, and cope with, any issues related to 
- injection in AGS 
- acceleration 
- extraction from AGS and 
- transport to RHIC 
of p Cu and AIR ions of Elotal 22.5 GeV/nucleon. 

0 If necessary, we may perform measurements to 
answer any questions relevant to the tasks mentioned 
above. 

the 



00 w 

f Booster can provide the required ion energy for 
RHIC, AGS can be used as a TRANSFER 
line and “Synchronize” Booster to RHIC 



Are there any problem relevant to beam Injection from the Booster to AGS? 

There are no known problems relevant to the beam injection from Booster 
to the AGS. 
In the past the following ions have been Injected and accelerated in AGS to 
a rigidity Bp-85.[T.m] 
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Are there any problems relevant to beam Extraction from AGS at ion Energies 
2.5 GeVhucleon? 

Beam Emittance issue: 
- Beam emittance measurements of lo Cu and Au ions during the 

acceleration show that the Normalized beam emittance is less or equal to 
the Normalized emittance at Extraction. 

15.0 6.2 1 ! 

I Bunch length issues: 
- For a Au beam at energy 2.5 GeVhucleon, and longitudinal emittance of 0.4 eVsec, 

computer simulations show that “Quad pumping” is required to produce a Au beam 
with bunch length of 32 nsec. ~ 



Summary : . ZbCs seem statistically, acceptance and light limited a t  
low energies . ZDCs most likely cannot be used reliably fo r  monitoring 
o r  steering (and not f o r  triggering) . We will have t o  give up the idea of t w o  independent 
measurement systems . Can we use the experimental BBCs fo r  luminosity 
monitoring, and calibrate them? 

A. Drees QCD critical point workshop, Mar 10 2006 
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DC overview 
The ZDCs are sampling hadronic calorimeters with 
tungstedfiber layers (27 per module) 
common to all IRs 
Since they are located at +/- I 8  m, behind the DX 
magnets, they ‘see’ only neutrons 
the mutual forward neutron cross-section is much 
smaller than the single neutron cross section (about x10 
@IO0 GeV) 
if used as a collision monitor in coincidence mode the 
signalhoise ratio is very good (typically very low 
background) 
they see all collisions, regardless of the vertex position 
and distribution 
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*B 1.5 
1.4 

41.3 
3 1,2 
fi 
N 1,l 
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1 1  
0.9 
0 3  

ratio of ZDC meas. and calc, luminosity 

red triangles: STAR 
blue circles: PHENIX 
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I I I I I I I I I I I I I I I I I I I I I  

2 4 6 8 10 12 14 16 18 20 
luminosity (10**30 cm-2 s-1) 

*11.5 L I 

" 1.4 I 

- - -  

Luminosity from 
collision rates in the 
ZDC (calibration from 
2002) divided by the 
luminosity calculated 
from beam 
parameters (size & 
bunch current). Beam 
parameters are 
derived from vernier 
scans. This ratio 
should be constant 
and about I. Should 
not depend on 
I um i nosity. 

5180 5200 5220 5240 5260 5280 5300 5320 5340 5360 
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Why does it help to have redundant 
measurements? 

80.9 

W0.7 

I P1 0.6905 
P2 -0.1279E01 :+ - i, 1 I 

Luminosity from collision rates 
measured by the STAR (triangles) 
and PHENIX (circles) BBCs 
divided by the luminosity from the 
ZDCs. This ratio should not 
depend on the luminosity but 
should be constant and about 1. 
Calibration used is from 2002. 

2 0.3 

ratio of meas. and calc. BBC luminosity 

F 

$/ndf 5.428 I 4 
P1 0.76-54 
$/ndf 5.428 I 4 
P1 0.76-54 
P2 -09587E-02 

$0.6 G 
30.5 I 
30.4 

0.3 
0.2 ' ~ ' l l " ' ~ ' " " " " l J " " ~ l ' ~ ~ ~ ' '  

2 4 6 8 10 12 14 16 18 20 
luminosity (10**30 em-2 s-1) 

1 

Luminosity from collision rates 
(calibration from 2002) as 
measured by the BBC divided 
by the luminosity from beam 
parameters (calculated). Beam 
parameters are derived from 
vernier scans. This ratio should 
be constant and about 1. 
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Calorimeter I imi.ba.bions 

limit of production of cherenkov light in the 
fibers: 0 > l / n  
n for the fibers = 1.4 => l / n  = 0.7 
for p = p/E = 2.3/3.5 = 0.65 
assume coulomb dissociatioli of the Iieutrons: 

depending on the beam energy we are just at 
the limit 

E neutron - Ebeam"Eshow.prod. 

increase tube voltage, decrease discriminator 
voltage => new calibration ... 
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Cooling Au .ions at 1.5 GeV/u (y=2.61) 
Electron beam: q=5nC, rms E e,n =15pm, op=1e'3, k=8Om 
(Figs: plotted emittance is rms unnormalized) 

L 

0 

1440 1800 

0 Ln -ir 84 36 - 
rms bunch lerinth due -:o cooling: 

- - 00-em--->-8L-ern-h-l+-s e C  
e & I  I I I 

0 

0 7.5 15 
Referencetime [sec] 

22.5 30 

02875 

02875 
___ - 

Cooling section length: L=80m 
4 8 12 16 20 



Cooling Au ions at 1.5 GeV/u (y=2.61) 
Electron beam: q=5nC, rms E e,n =asp ,  op=le-3, k=lOm 
(Figs: plotted emittance is rms unnormalized) 

20 40 60 
Reference time [sec] 

80 

0 1c) 
0.6074 d - 
0.6074 

3278 

0 

100 ' 0 25 50 75 
Reference time [sec] 

Cooling section length: L= lorn 

Alexei Fedotov 
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Cooling of Au ions at 9 GeVh (y=10.66) 
Electroh beam: q=5nC, rms ~~, . ,=lQpm, o,=le-3, k=lb)m 
(Figs: plotted emittance is rms unnormalized) 
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0 360 720 I oao 1440 
Reference time [sec] 
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1 a00 

10.27 

77.9 
- 
4- 

I I 
I I I I 1 1 

0 450 904 1350 180 
-Reference time [sec] 

cooling at pre5ent WHIC injection 
energy just with L=10 m cooling section 

Alexei Fedotov 
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Enerav DeDendence of Thermal Parameters in 1 
“I Heavy Ion Collisions 

Krzysztof Redlich 
University of Wroclaw r 
0 Chemical Freeze-out in A-A col. 

freeze-out conditions and 
JG dependence of parameters 

particles excitation functions 

0 Freeze-out @ critical conditons 

0 Charge fluctuations below and at 
deconfinement transition 

T------ quark-gluon 
pPasmrP 

x 

hadron gas \ 
-symmetry 
==: restored 

- .  

X-symmetry 1 \ VT] 
superconductor 

paris 
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I I I I 

in eso n =1 
1 T,  [ M e V 1  / baiyon , 

Phase boundary of the fixed energy density versus 
chemical freezeout 

- (  

250 

I50 

IO0 

5 0  

Splitting of the chemical 
freeze-out and the phase 
boundary surface appears 
when the densities of mesons 
and baryons are comparable? 

1 particles production processes 
- Meson , - 

;L > (6 - 8) GeV : QGP hadronization Dominated , 
- -  \ I  

'Dominated 1 

- '- -B < (6-8) GeV: Hadronic rescattering 
J. Cleymans & K. Redlic 

- 11 GeV 

....... . Z. Fodor et al.. 

E ,  z= 0.6; 
fm 

- 
- 
b I I I I I- 1 

0.0 0 . 4  0.6 0.8 1 . o  I. I 

rI 
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Scaling properties of particle production yields 
I I 

A. Andronic, P. Braun-Munzinger &K.R. I I u I I I I  I I I I IBlUl  I 1 I n 1 r e i 1  I I I I 1 1 I 1 

lo-' 

Ill 

1 o - ~  

1 o - ~  
1 to 

1 o-' 1 1 oo 1 o2 
Scalings appear J+/P ue to the strangeness exchange 
production processes in the hadronic fireball, 

a1 
~fscO-t.rl)/~,,,, 

that are correctly treated in the partition function with 

I '  I 1  
I l l  1 I I I I 

4. 
1L 
\ 
41 
I 

an exact implementation of the strangeness 
conservation 

H. Oeschler, et al.., 

paris 



p / T factorization on the Lattice as in HRG 
HRG-p artition function: P = Pnzeson + F B  ( T )  cosh(3p 4 / T )  

1 B  n 4 =3TF (T)smh(3p41T) = fixed E) ratios of baryonic 
-1 B observables independent of T 

4 T = 9T F (T)cosh(3p 4 / T )  
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Quark and isovector susce tibilities along the 
critical curve in t R e NJL model 

I I 

0.8 

0.7 

0 

Ch. Sasalu et al.. 

40 80 120 160 
Tc [MeV] 

timate of the critical region AT] 
using chemical freeze-out 

Non-monotonic behavior of the 
net quark susceptibility in the 

0 40 80 120 
Tc [MeV] ' 

160 

paris 



Can We Discover the QCD Critical Point at RHIC ? 

RIKEN BNL Research Center Workshon 

March 9-10, 2006 at Brookhaven National Laboratorv 

Observable power laws at the QCD 

critical point 

Nikos Antoniou 

University of Athens, Department of Physics 

Out line 

1. Critical QCD phenomena 5. Factorial moments (power laws) 

2. The order parameter 6. Preliminary studies with NA49 data 

3. Self-similar solutions 7. Summary 

4. Critical opalescence in QCD 
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Critical QCD phenomena 

At the critical point ( p  = p,, T = T,) we expect: 

1. A second order phase transition: 

(compressibility) N t 2 - q  

(compressibility) N d P B  = / d32(n~(z )n~(0 ) )  

2. Universality class: 

3 0  Ising ; S N 5, 7 N 0 (critical exponent) 

3. Order parameter: Effective field: m(Z) o(Z) ; nB(2) 

4. The free energy (effective action) in 2 0  after inte- 

grating in rapidity and resealing the basic variables (m, 2): 

106 



m(“): singular solutions of the Euler-Lagrange equation. 

6. The final result: 

Generation of self-similar critical cluster in 2 0  transverse 

space (fractals). In the a-mode or in the baryon sector the 

correlators obey the power laws: 

In momentum space these power laws are observable 

(critical opalescence N critical intermittency) 
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Critical Clusters 

CY - cluster 

r7-c 

8 
N - sinh (:) 

2(6 - 1) 
d F  = 

6+1 

N.G. Antoniou, Y.F. Contoyiannis, F.K. Diakonos and C.G. Papadopoulos, Phys. Rev. Lett. 81, 

4289 (1998); N.G. Antoniou, Y.F. Contoyiannis and F.K. Diakonos, Phys. Rev. 62, 3125 (2000). 
108 
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t 1 
165 I Yc 

N. G. Antoniou, F. K. Diakonos, A. S. Kapoyannis, Nucl. Phys. A 759 (2005) 417, [hep-ph/0503176] 
2. Fodor, S. D. Katz, JHEP 0404 (2004) 050, [hep-lat/0402006] 
F. Becattini, J. Manninen, M.Gazdzicki, hep-pW05 11092 
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250 

200 

F lSO 
L ; 

100 

so 

0 

H. Stocker nucl-th/0506013 
I I I I I . 

endpoint 

UrQMD: 
A Au+Au, 11 A GeV 
\J Pb+Pb, 40 A GeV 
0 Pb+Pb, 160 A GeV 
C' Au+Au, 21300 A GeV 

8 

. 
-chemical freezout 

[ Cleymans et a14 0 2 3 = y  (RHIC) 

I I I 1 I I I I I I 

0 200 400 600 800 1000 1200 
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B Radiation hard SiOicon (pixe8/sfrip] Uiwcking Sysfem in a magnetic dipole field 

B Electron detectors: R I C H  & 'PRB Lit ECAL: pion suppression better 104 

6. Hadron identification: YQF-RQC 

B Measurement of photons, 71, tq, and muons: electromagn. calorimeter (ECAL) 
B High speed data acquisition and trigger system 
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. .  

Excitation Function 
Experimental Perspective 

-- search for the native hadronic shore 

Nu Xu 

Lawrence Berkeley National Laboratory 

Many thanks to organizers 
and 

V. Koch, J. Randrup, H. Ritter, 2. Xu 

zzat +--l Outline 

P Motivation 

B What we have learned at 200GeV 
Some systematic from I - 200 GeV 

P Energy scan at RHIC - search for native 
hadronic shore 

Nu Xu “Can We Discover the QCD Crifical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006 2/10 
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A ,+ High-Energy Nuclear Collisions 

Goals: 

(I) Identify the bulk-matter (EOS) with partonic d.0.f 
(2) Study the properties of the partonic matter 

(3) the transition between partonic 
and hadronic worlds 

Nu Xu "Can We Discover fhe QCD CriticaIPoinf at RHIC?, RCRB Workshop, BNL, Mar. 9-10,2006 3/10 

& -+-l Yields ratio results 

V 
a 
00 

a a  
I 

1.75 

05 a 
0 100 2cO 3W 460 
Number of participants 

200 GeV Ig7Au c ""70.1 central collision 

- In central collisions, thermal model fit well with ys = 1. The system is 
th 
- Short-lived resonances show deviations. The er chemical 

RHIC white papers - 2005, Nucl. Phys. A757, STAR: p102; PHENIX: p184. 

Nu Xu "Can We Discover the QCD CriticaIPoinf at RHIC?, RCRB Workshop, BNL, Mar. 9-10,2006 4/10 
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Lhl Collectivitv, Deconfinement at RHIC 

0.2 

0.1 

0 

0.2 

0.1 

0 

0 1 2 3 4 5  

1 

,. ,I 
I' ,*e 

(4 ............ 
,,+ ,-'-' 

~,...' ............... + : . . , I  

,,,..'./ 
r :  .,. 

:, :* ,,:/ ', 0 n-+-' 
.r.. .......................... . .  

1 2 3 4 5  

0.2 

N 

> 0.1 

0 

0.1 

(5 s .  2 0.05 

0 

0 1 2 3 4 5 :  

0.5 1 1.5 2 2.5 

pT/n, (GeVtc) 

- v2, spectra of light hadrons 
and multi-strange hadrons 

- scaling of the number of. 
constituent quarks 

At RHIC, I believe we have 
achieved : 

PHENIX P R L a  182301(03) 
STAR: P R L g  052302(04), 122301(05) 

nuc/-ex/0405022 

S. Voloshin, NPA715, 379(03) 
Models: Greco et a/, P R m  034904(03) 
X Dong, et al., Phys. Lett. B597. 328(04). 
.... 

Nu Xu "Can We Discover the QCD Crifical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10,2006 5/10 

d ,+ $-meson flows 
v 

0.25 

0.2 

0.15 
>" 

0.1 

0.05 

0 

I 

o A nan ...... NCQ-scaling fit 

+I 4 

I 1 2 3 4 5 6 
Transverse momentum pT (GeWc) 

STAR Preliminary, QM05 conference 

PartonicEoS 
E Particle productions 
9 dominated via 
% partonic introduction 
B 
8 - The system started 

i: 

b! 

z 

beyond hadronic 
matter 2 > 

< 
Ij 
~ Is there a boundary that 

can be observed? 
Where is the boundary? 

Experimental issue! 
Systematic approach 

~~~~~~~~~~~ ~~~ ~ 

Nu Xu "Can We Discover the QCD Critical Poinf at RHIC?, RCRB Workshop, BNL, Mar. 9-10,2006 6/10 
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Non-Dhotonic electron mectra & v9 

Transverse momentum pT (GeV/c) 

n 30 

25 
9 

5 20 
0 15 
0 
‘F; 10 
Q .- - 
i i i5  

0 
-5 0 YifEh’lXprel.Q~tfOS I 

I 0 PHEhWpub. I 
-100 o s  i 1:s. 2:s 315 d, 415 5 

Transverse momentum pT (GeVk) 

...... 

..... 

........................................... - 

Partonic energy loss - necessary for the plasma formation ! 

Charm flows - a hint for partonic thermalization at RHIC! 

Nu Xu “Can We Discover the QCD CriticaIPoinf at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006 7/10 

0.00 

0.06, 
A 
>si 0.04 

v 0.02 

0 

0.8 

5 0.6 
r3 

A 0.4 
C i  
v 0.2 

0 

2 10‘ 

9 
I- 

10 

a+ 

i Freeze-out systematic 
{) + 

I 

At freeze-out: 

The ‘temperature’ parameters 
T,, seem to be around 100 - 
140 MeV. 

v2 continuously rise with beam 
energy. A clear increase in 
averaged velocity parameters 
p, - increase of the ‘pressure’ 
in the system at RHIC. 

When v2 crosses zero, a 
plateau appears for Tfo and p, 
at beam enerqy - 5 GeV. 

Nu Xu “Can We Discover fhe QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10,2006 8/10 
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a ,+ fl Nuclear Phase Diagram 
High excitation 
Partonic d.0.f. dominant 
“Tsunami at deep ocean” 
Mull €?ff@Clt!!! 

c3 

Energy scan: 

Turn off partonic activities 
- @,a, D-meson v, 3 0 
- jet-quching disappear 

Look for our 
“Native hadronic shore” 

Systematic study of correlation/fluctuations 
Systematic of di-lepton signal 

U+U collisions 
Larae acceotance with collider environmeni 

U 

0.15 
L. 

.p 

L 

7 
(d 

g- 0.1 

E > 
0 

0.05 0.1 0.5 1.0 5 10 

Baryon Density (GeV) 

~ ~~ ~~ 

Nu Xu “Can We Discover the QCD CriticalPoint at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006 9/10 

7 ,+ ,\ Detector system 
Clean environment - colliding mode 
Large acceptance 
Good resolutions for particle PID 

STAR TPC 
STAR TOF(08) 
STAR HFT(10) 
PHENIX HBD 

ideal for the scan program 

ideal for di-lepton program 

nmp@k*amQ Val7 RHUG~OO CcLfEIrE pragrams 

Heavy flavor program: 
partonic EoS study 

Energy scan: 
phase boundary and possible critical point 

~ _ _ _ _ _ _ _  

Nu Xu ‘Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006 10/10 
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Experience with CERES 

Dynamical pt fluctuations in central Pb-Au collisions at SPS are of order I %, similar to measurements at RHIC. 
This might be related to KNO-scaling of the multiplicity distributions in pp-collisions observed in this energy range. 
In this case, theenergy-independent pt fluctuations are not a trivial observation, but rather a consequence of the 
non-Poissonian nature of particle production in hadronic collisions. However, indications of a non-monotonic behaviour 
which might be related to critical fluctuations have not been observed. 
Deeper insight into the origin of the observed pt fluctuations in AA can be obtained by a scale-dependent analysis, 
employing the pt correlator <AptApt>. A systematic study of the correlator in Pb-Au reactions at 158 AGeV is presented. 
The data exhibit a strong short range component presumably related to HBT correlations and a weaker back-to-back 
correlation. The A@ and the centrality dependence show features similar to elliptic flow, however, a quantative estimate 
of the flow contribution can not describe the data. Rather, a connection to jet-induced high-pt correlation is suggested. 
This can be substantiated by a study of pt-pt correlations of particle pairs, expressed by the cumulant pt variable x(pt). 
Indeed, the observed short-range correlation is located along the diagonal at small pt and opening angles, pointing 
to HBT correlations. In contrast, the back-to-back correlations are located at high-pt, as expected for correlations arising 
from jet fragmentation. 
Using the pt correlator formalism, different contributions to pt fluctuations could be assigned to known physical effects. 
Beyond that, no indication for critical fluctuations are observed. 

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt 
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Scale dependent analysis 

I58  AGeV Pb-Au central 
CERES preUiminaiy 

+ + OD +- 
r 
h, 
4 

A 4  A 4  

short range component from quantum correlations 
very short range component from Coulomb, e+e- 
weak bump from resonances 

0 back-to-back component 

G. Tsiledakis, PhD 

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt 
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I 
N 
W 

0.98 

Elliptic flow contribution Pb-Au 158 AGeV 

+********* 

-. --- - _ _ _ _ _ - -  --- 

** 0 __----  
P - -  ** et,"" -- 

18. 
---_ - - -  - - _ -  - -  

CERES - 

1 1 1 1 1 1 1 1 1 1 1 1 , 1 1 1 1 , 1 1 I ) I I I I I I ) L  

B ~ G ~ ~ ~ ~  : 0.0 - 5.0 % 

Pb-Au 158 AGeV 0-8% 
M. Ploskon 
QM05 

correlations 
trig >2.5 GeVIc Pt 

1.2 c ppSo c 2.5 GeVIc 
Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt 



Pt-Pt correlations - azimuthal dependence 

Pb-Au I58  AGeV central HBT 

G. Tsiledakis, PhD 

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt 
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Can we discover the QCD critical point a t  RHIC? 
Latt ice calculations a t  finite baryon potential 

Zoltan Fodor 
University of Wuppertal & University of Budapest 

C-L 

W 4 1. Standard picture of the phase diagram and i ts uncertainties 

2. Latt ice results (staggered fermionic actions wi th fourth root) 

a. Existence of the critical point: transition a t  p=O 
b. Location of the critical point: Lt=4, a=O.25 fm results 
c. Density of state method: three phases for nf=4 

3. Conclusions 



:=> physical quark masses: m,=140 MeV, m ~ ( =  500 MeV 
:=> continuum limit: extrapolation to  vanishing lattice spacings 

in “usual” lattice simulations these two limits are missing 

I 

w r =2+1 theory with m,=O or 00 gives a first order transition 
for intermediate quark masses we have an analytic cross over 

00 

F. Karsch e t  al., Nucl. Phys. Proc. 129 (2004) 614 
r 6 L 

=3 case (standard action, p=O, Lt=4): critical m,z300 MeV 
with different discretization error (p4 action): critical m,~70 MeV 
the physical pion mass is just  between these two values 

do physical quark masses result in a cross-over in the continuum? 

for the critical point a t  p> a cross-over a t  p= 



, 

Order of the transition a t  p=O: physical mq-s in the continuum 
G. Endrodi, Z.  Fodor, S.D. Katz, M. Nagy, K.K. Szabo, WU-06-01 

(Symanzik improved gauge, stout improved fermionic action) 

Chi ra  I susceptibilities: x=( T/V)d210gZ/dm2 

first order transition :=> peak width oc 1/V, peak height oc V 
r 

cross over =+ peak width oc constant, peak height oc constant w 

4 

1% 

3 x 

2 

3.2 3.3 3.4 3.5 
P '  

3.5 

3 

.$ 2.5 
2 

1.5 

3.5 3.6 3.7 
P 

for aspect ratios 3-6 (an order of magnitude larger volumes) 
volume ~ n ~ e p ~ ~ ~ e n t  scalin => cross-over 
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Resu t s  for QCD a t  large p 

Z.  Fodor, S.D. Katz, C. Schmidt, hep-lat/0510087 

Nf = 4 staggered QCD on 64, 8 63 lattices 
170 

DOS method. am=0.05 
DOS method, am=0.03 - 160 

150 

140 - 

130 - 

120 - 

110 - 

100 - 
+&+.-. &, [MeV] 

90 I I I , 9 I 

0 50 100 150 200 250 300 350 400 

existence of a triple point  around p p  300 MeV and T N < 135 MeV 

Note, Lt=6 lattices: smallest T is 73 MeV (if mp fixes the  scale) 

Mass dependence checked: 
small T transition point  does not  depend on pion mass 
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IIndependet quarks and I 
1.5 

1.25 

1 

2 0.75 
0 

0.5 

0.25 

0 

RBRC Workshop, March 9- 10,2006 /home/vkoch/Documents/talkslbn1~03~06/proceed.odp 

1 
Baryon chemlcal potential, pR (MeV) 

V.K, Majumder, Randrup PRL95: 18230 1,2005 

T 

0.5 1 1.5 
TITc 

2 2.5 

Gavai, Gup t a, hep-lat/O 5 1 0 044 



T 

-1 70 
M eV 

quark-gluon A 

hadron confined, gas f i  
\ superconductor 

pm few times nuclear p 
matter density 

Spinodal decomposition: 
.general phenomenon 
adynamical process 
.typical 66bl~b’’ -size 

depends on details of interaction 

n 

RBRC Workshop, March 9- 10,2006 /home/vkoch/Documents/talks/bnl~O3~06/proceed.odp 



c* Canonical: S = 

Baryon chemical potential pB (MeV) 

Variance: enhanced by -10 % 

6-m Grand Can: <S = 0 
* Canonical: S = 0 

Baryon chemical potential pB (MeV) 

Generally: variance is more enhanced 

V =50fm3 
QGP 

= 150 fm3 hadron V 

T = 170 MeV 
than mean 

RBRC Workshop, March 9- 10,2006 /home/vkoch/Documents/talks/bn1_03_06/proceed.odp 
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dN Idy 

Condition for “charge” fluctuations: 
<< A Y  l)A Y accept con-i-elation 

coll >> A Y  3)AY total >> A Y  accept 



Strangeness and Phase Changes in Relativistic Heavy 
Ion Collisions 

QCD Critical Point BNL-9/10 March, 2006, Presented by J. Rafelski 

Strangeness flavor is the natural observable of the baryon-rich deconfined quark- 
gluon state of matter. We discuss here how deviation from chemical equilibrium 
of strangeness in QGP impacts phase structure. We show hoe one can interpret 
the NA49-Horn by allowing chemical &onequilibrium among hadrons. 

& P b 
c. 

1. MATTER-ANTIMATTEW-PRODUCTION MECHANISM v) 

2. RISE OF STRANGENESS YIELD MOVES PHASE BOUNDARY 

3. THEORETICAL INTERPRETATION OF THE NA49 ‘HORN’ 
4. PHYSICAL PROPERTIES OF THE FIREBALL 

QGP nf = 2 + ys 

See also nucl-th/0504028, nucl-th/0511016 by J.Letessier and J.Rafelski 
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J. Rafelski Strangeness and Phase Changes in Relativistk Heavy Ion Collisions QCD Critical Point BNL-9/10 March, 2006,page 2 

11. MATTER-ANTIMATTER PRODUCTION MECHANISM1 
For the past 15 years experiments demonstrate symmetry of r n l  spectra of 
strange baryons and antibaryons in baryon rich environment. 

Interpret at ion: Common matt er-ant imat t er particle format ion mechanism, little 
antibaryon re-annihilation in sequel evolution. 

Appears to be free-streaming particle emission by a quark source into vacuum. 
Such fast hadronization confirmed by other observables: e.g. reconstructed yield 
of hadron resonances. Note: within HBT particle correlation analysis: nearly 
same size pion source at all energies 

Practically no hadronic ‘phase’ ! 
No ‘mixed phase’ either! 
Direct emission of free-streaming 
hadrons from exploding filamentary QGP , 

IDevelox> analvsis tools viable in SUDDEN QGP\ 

4 
Proposed reaction mechanism: filamentary/fimu 
sion pressure reverses. I I  

in expan- 

(SUDDEN HADRONIZATION DOES NOT APPLY TO LOW 
We only have evidence for sudden hadronization at reaction energies ABOVE 
the horn. It is likely that at f i  below the horn hadronization is NOT SUDDEN. 
To test for this RHIC-critical should measure asymmtry of spectra of strange 
baryons and antibaryons. Recall that in NN reactions spectra of baryons B ,  and 
antibaryons B are completely different. 

12. RAPID RISE OF STRANGENESS YIELD MOVES PHASE BOUNDARY I 
Temperature of phase transition depends on available degrees of freedom 

0 For 0 flavor theory T > 200 MeV 

0 For 2 flavors: T 3 170 MeV more importantly 1st order turns into 2nd order 

0 For 2+1 flavors: T = 162 f 3 and appearance of minimum p g  

0 For 3, 4 flavors further drop in T.  
we need extra quarks to reach a 1st order transition 

At low heavy ion reaction energy low value of “is and thus effectively 2 flavor 
phase limit. This means we need a much greater p~ to reach the tri-critical 
point. An easy way to test for this using QCD lattice is to consider large values 
of m, and see how the value of ,UT moves as function of m,3. 
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A first‘ look vat energy dependence 

Absolute chemical 

equilibrium 

3 

HG production 
2 <; ( 

( 

X i  =ePi/lTcontrols difference between 

strange and light quarks (i = q, s) 

0.04 

? 0.03 
VI 

0.02 
1 

P 

0.5 
103 104 105 

dS/dY 

Relative chemical HG exchange 

==-4 ( 

equilibrium ( 

Solid, bulk QGP expansion, dashed 
donut expansion. 

Since the main parameter controlling 
the reaction energy dependence is the 
value of entropy (hadron multiplicity) 
produced, this model calculation shows 
that in QGP ys changes rapidly - dimin- 
ishing with decreasing entropy and thus 
energy content. 

3. INTERPRETATION OF THE NA49 ‘HORN’ 
First there is a fast rise of strangeness yield which on the other side of the horn 
is rivaled by faster rise of entropy. In order to be able to describe the behavior 
of the horn we thus must have both ys,yq 

ANALYSIS OF DATA: STATISTICAL HADRONIZATION 
Fermi (micro canonical)-Hagedorn (grand / canonical) particle ‘evaporation’ 
from hot firebal1:particles produced into accessible phase space, yields and spec- 
tra thus predictable. 

FOUR QUARKS: s, 3, q, 4 + FOUR CHEMICAL PARAMETERS 

yi controls overall abundance 

of quark (i = 4, s) pairs 
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Fit particle yields at every energy: WE DESCRIBE THE HORN 

2 

% 1.5 
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80 

n 60 
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Allowing chemical nonequilibrium we see 
that between 20 and 30GeV the fit jumps 
from highly unsaturated to fully saturated: 
from yq < 0.5 to yq > 1.5. This produces 
the horn (below). The fits have reasonable 
quality, in particular those relevant to un- 
derstanding how the horn is created. EN- 
TROPY DENSITY SURGES 
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4. PHYSICAL PROPERTIES OF THE FIREBALL 
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u1 + \ 0.8 
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Note the large jumps by factor 2-3 in densities (to left) and pressure (on right) 
as the collision energy changes from 20 GeV to 30 GeV. There is clear evidence 
of change in reaction mechanism. There no difference between top SPS and 

slb and s /S  rise with energy and centrality E/s falls 
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s/S -+ 0.027 as function of 
INITIAL QGP! 

and V: 

Energy/strangeness breaks at 
Different cost -+ different mechanism! 



bt &tist ical parameters 
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0 

I STRANGENESS, ENTROPY, THE HORN, AND QGP DISCOVERY I 
' 1. Strange hadrons probe phase properties and phase dynamics; additional task: 

measure (multi) strange baryons and antibaryons. 

2. Deconfinement in baryon rich phase influenced by presence of the third flavor, 

3. f i l l  analysis of energy excitation functions and 

QCD matter system exceptionally fine tuned. 
0.25 I 1 1 1 1 1 ,  I 

T 

centrality dependence is now available 1 LA J 
- 4. 

Structure between 20 and 30 2 
GeV understood within chem- 
ical nonequilibrium model, 0.15 1 I - 

same type of sudden behavior I I 
change as is seen in centrality 10 100 

dependence. Js,, [GeVI 

The gambler and his horn 
5.  Two different phases hadronize - see phase diagram. 

o At high energy and volume, an entropy rich phase with the count of 

o At low collision energy we find a high energy cost to produce strangeness, 

6. At high energy and volume as expected if QGP fireball: strangeness nearly 

degrees of freedom expected from QGP (s/S + 0.027). 

and phase space under-saturated 

equilibrated at hadronization. OverDoDulates HG phase mace. 



Can we discover the first-order phase transition at RHIC? 
Jgrgen Randrup, LBNL 

This presentation addresses two issues of key relevance to the 
prospects for probing the first-order hadronization phase transition 
in nuclear collision experiments. 

1) The well-established hadronic freeze-out exhibits a systematic 
dependence on the collision energy. At the current beam energies 
at RHIC the temperature is high while the net baryon density is very 
small. As the beam energy is lowered, the baryon density increases 
(while the temperature decreases only slowly) until it reaches a maximum 
value and it then drops back towards zero. On the basis of established 
fits to data taken in various energy regimes (at different facilities), 
one is led to the expectation that the maximum freeze-out density is 
obtained for RHIC beam energies of 3-5 GeV per nucleon (corresponding 
to beam kinetic energies of 15-50 GeV/N for a stationary target). 

2) In order to probe the first-order phase transition, it is necessary 
to bring the bulk of the system into the region of phase coexistence. 
Using results obtained with a number of different dynamical models 
in conjunction with simple estimates of the phase boundaries, we have 
sought to determine the most suitable beam energies for this purpose. 
Remarkably, the different dynamical models yield rather similar phase 
trajectories, when these are expressed in terms of the net baryon density 
and the total energy density, and the results suggest that the optimal 
RHIC beam energies would be 2-4 GeV/N (corresponding to beam kinetic 
energies of 5-30 GeV/N for a stationary target). 
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Can we discover 
the first-order phase transtion 

at RHIC? 

Jlzrrgen Randrup 
LBNL 

I) Hadronic freeze-out: maximum baryon density 

2) Phase coexistence region: how to get there? 

BNL 9-10 March 2006 



[Randrup & Cleymans] 

Q l  
' I  

BNL 9-10 March 2006 



N,? versus D, E 

. . . are - not order parameters: 
p(p,T) is multi-valued 

. . . do - not obey conservation laws: 

Temperature: T = l / p  

Chemical potentials: pB , pQ, ps 

can change spontaneously 

. . . exist on/y in equilibrium 

... are order parameters: 

. . . do obey conservation laws: 
p(&,p) is single-valued 

Energy density: E 

Charge densities: pB, pQ, ps 

... always exist 

=> are well suited for dynamics 

BNL 9-10 March 2006 
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c 

Dynamical trajectories in the p - E phase plane 

3-fluid 

QGSM 

At = 1 .O fm/c 

30 GeV/N Au + Au (b=O): (pB(t),c(t)) 

20 GeV/N Au + Au (b=O): (p,(t)&t)) 

40 GeV/N Au + Au (b=O): (p,(t),&(t)) 

&fluid At = 0.5 fm/C 

t--c) QGSM 

Baryon density p,(t) (fm-3) 1 Man Baryon density p,(t) (fm-3) 



v l -  & v2-Flow: BAROMETRY @? HiMu-RHIC 
- pinning down the Order of the Phase Transition 

Horst Stocker, FlAS Frankfurt Institute for Advanced Studies and ITP, 
Barbara Betz Gebhard Zeeb 

in Collaboration with: Marcus Bleicher Kerstin Paech (now NSCL, MSU) 
Hannah Petersen birk Rischke Stefan Schramm (also CSC, Frankfurt) betlef Zschiesche 

Elena Bratkovskaya (FIAS-Junior Fellow), Xianglei Zhu (FIGSS-Student, also Tsinghua Univ.) 

Adrian bumitru 

ITP Institute for Theoretical Physics, Frankfurt University 

1 Outreach to hi-mu=300 - 600MeV@HiMu-RHIC 
2 vl ,  v2- Flow change sign at critical point: 

1. & 2. Order Phase Transition (T, mu)-critical 
3 v l  Bounce-Off Excitation Fct. Collapse @ 40 AGeV 
4 v2 Squeeze-Out Exc. Fct.: 2+2 to 8+8 AGeV 
5 Machshock-angles measure speed of sound: 

The case for asymmetric collisions 
Horst Stocker, RIKEN BNL Research Center Workshop, March 10,2006 
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A Au+Au, 11 A GeV 
v Pb+Pb, 40 A GeV 

Pb+Pb, 160 A GeV 
0 Au+Au, 21300 A GeV 

i I 

e 

i chemical freezout 
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ordeal Hadron Gas: mu-crit@S/A=13-18! 

4 

- S/A=13.1 

-- S/A= 23.4 

S/A= 33.6 

S/A= 18.0 Isentropes within 
-- S/A=31.1 Ideal Hadron Gas 
.- 
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.Huge Fluctuations in Energy-(Baryon-?) Density 

4, : Fluctuations and Exitation Fct. 
Paech+ D urn itru NA49 PRC C68 034903 (2003) 
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0 Flow v l  =px/pt 

Brachmann, Paech, Dumitru 
8 AGeV, b=3fm, 1 -Fluid Model 

6AGeV (E895) 
- 
2-200 
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s.200 
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+-Lab 
mu mu-crit: 

> 40 A GeV - above critical point ... 
NO PT-> crossing! Recover Positive VI-Flow! 

I 

t=3fm/c 1 :J----- t = 1.2 h / c  



Au+Au (1 1 AGeV) , 3-Fluid-iModel! 
(with phave transition) ohydro higher E: 0 1 ,  

Negative v l  -flow o.2 ... 
0 

Anti-Flow of 
protons at  
> 11 AGeV 

It is im the gmDQoms ! 

---- 

-- 
-03 .1s .<a -03 L.8 Ll'i I "  15 .15 1.1 4 5  0 0  0 5  I O  1 5  

YCMS YCJlS 

Proton "Anti-Flow" observed in Pb+Pb@ 40AGeV by 
A. Wetzler EZI Pr-e~imicaary 
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NA49 ? 



o V 1  proton 3DHydro: PROTONAnti-Flow FAIR, Hi-muRHIC 
Extrapol. Data: Anti-Flow@20-40AGeV: Hi-muRHIC DATA! 
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0 Hi-mu Mach shock cones compress nuclei 
-the case for asymmetric collisions 

Baumgardt, Schott, Sakamoto, Schopper, n 
Stocker, Hofmann, Scheid, Greiner, 

Z. Phys. A273 (1975) 359 

Mach s. w. 

"Heads. w. 
cp2 = arccos 

'Machs w. - - 3 c S ~ 0 . 5 7 c  (K=300MeV) 
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Oxygen cause Mach cone in Nuclei 
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Can We Discover the QCD Critical Point at REUC? 
March 9 - 10,2006, Physics Department, Bldg. 510 

Workshop Agenda 

Chair: L. McLerran 
2100 - 2:30 
2:30 - 3:OO 
3:OO - 3:25 
3 125 - 3 :45 

3:45 Break (1 5) 
4:OO - 4~20 
4:20 - 5~30 

Lattice calculations at finite baryon potential 
Fluctuations and correlations 
Hadron production and phase changes 
Can we discover the first-order phase transition at 
RHIC? 

Signals of the first order phase transition 
Summary/discussion - prospects for experiments at 
RHIC 

I 6-15 I ReceDtion and dinner I i 

Z. Fodor (25+5) 
V. Koch (25+5) 
J. Rafelski (20+5) 
J. R a n h p  (1 5+5) 

H. Stoecker (15t-5) 
Discussion Leaders : 
H.-G. Ritter & T. Roser 

I I I 

5:30 I Adioum I 1 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 79 - Strangeness in Collisions, February 16-17,2006 - BNL- 
Volume 78 - Heavy Flavor Productions and HotDense Quark Matter, December 12-14,2005 - BNL- 
Volume 77 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 76 - Odderon Searches at RHIC, September 27-29,2005 - BNL-75092-2005 
Volume 75 - Single Spin Asymmetries, June 1-3,2005 - BNL-74717-2005 
Volume 74 - RBRC QCDOC Computer Dedication and Symposium on RBRC QCDOC, May 26,2005 - 

Volume 73 - Jet Correlations at RHIC, March 10-1 1,2005 - BNL-73910-2005 
Volume 72 - RHIC Spin Collaboration Meetings XXXI(January 14,2005), XXXII (February 10,2005), 

Xxxm (March 11 , 2005) - BNL-73866-2005 
Volume 71 - Classical and Quantum Aspects of the Color Glass Condensate - BNL-73793-2005 
Volume 70 - Strongly Coupled Plasmas: Electromagnetic, Nuclear & Atomic - BNL-73867-2005 
Volume 69 - Review Committee - BNL-73546-2004 
Volume 68 - Workshop on the Physics Programme of the RBRC and UKQCD QCDOC Machines - BNL- 

BNL-74813-2005 

73604-2004 
Volume 67 - High Performance Computing with BlueGeneL and QCDOC Architectures - BNL- 
Volume 66 - RHIC Spin Collaboration Meeting XXM, October 8-9,2004, Torino Italy - BNL-73534-2004 
Volume 65 - RHIC Spin Collaboration Meetings XXVII (July 22,2004), XXWI (September 2,2004), XXX 

Volume 64 - Theory Summer Program on RHIC Physics - BNL-73263-2004 
Volume 63 - RHIC Spin Collaboration Meetings XXIV  (May 21,2004), X X V  (May 27,2004), XXVI (June 

Volume 62 - New Discoveries at RHIC, May 14-15,2004 - BNL- 72391-2004 
Volume 61 - RIKEN-TODAI Mini Workshop on “Topics in Hadron Physics at RHIC”, 

Volume 60 - Lattice QCD at Finite Temperature and Density - BNL-72083-2004 
Volume 59 - RHIC Spin Collaboration Meeting XXI (January 22,2004), X X I I  (February 27,2004), Xxm 

Volume 58 - RHIC Spin Collaboration Meeting XX - BNL-71900-2004 
Volume 57 - High pt Physics at RHIC, December 2-6,2003 - BNL-72069-2004 
Volume 56 - RBRC Scientific Review Committee Meeting - BNL-71899-2003 
Volume 55 - Collective Flow and QGP Properties - BNL-71898-2003 
Volume 54 - RHIC Spin Collaboration Meetings XVII, XVIII, XIX - BNL-7175 1-2003 
Volume 53 - Theory Studies for Polarizedpp Scattering - BNL-71747-2003 
Volume 52 - RKEN School on QGD “Topics on the Proton” - BNL-71694-2003 
Volume 5 1 - RHIC Spin Collaboration Meetings XV,  XVI - BNL-71539-2003 
Volume 50 - High Performance Computing with QCDOC and BlueGene - BNL-71147-2003 
Volume 49 - RBRC Scientific Review Committee Meeting - BNL-52679 
Volume 48 - RHIC Spin Collaboration Meeting XIV - BNL-71300-2003 

(December 6,2004) - BNL-73506-2004 

1,2004) - BNL-72397-2004 

March 23-24,2004 - BNL-72336-2004 

(March 19,2004)- BNL-72382-2004 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 47 - RHIC Spin Collaboration Meetings XII, Xm - BNL-71118-2003 
Volume 46 - Large-Scale Computations in Nuclear Physics using the QCDOC - BNL-52678 
Volume 45 - Summer Program: Current and Future Directions at RHIC - BNL-7 1035 
Volume 44 - RHIC Spin Collaboration Meetings Vm, IX, X, XI - BNL-71117-2003 
Volume 43 - RIKEN Winter School - Quark-Gluon Structure of the Nucleon and QCD - BNL-52672 
Volume 42 - Baryon Dynamics at RHIC - BNL-52669 
Volume 41 - Hadron Structure fiom Lattice QCD - BNL-52674 
Volume 40 - Theory Studies for RHIC-Spin - BNL-52662 
Volume 39 - RHIC Spin Collaboration Meeting VII - BNL-52659 
Volume 38 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 37 - RHIC Spin Collaboration Meeting VI (Part 2) - BNL-52660 
Volume 36 - RHIC Spin Collaboration Meeting VI - BNL-52642 
Volume 35 - FUKEN Winter School - Quarks, Hadrons and Nuclei - QCD Hard Processes and the Nucleon 

Volume 34 - High Energy QCD: Beyond the Pomeron - BNL-52641 
Volume 33 - Spin Physics at RHIC in Year-1 and Beyond - BNL-52635 
Volume 32 - RHIC Spin Physics V - BNL-52628 
Volume 3 1 - RHIC Spin Physics III & IV Polarized Partons at High Q"2 Region - BNL-52617 
Volume 30 - RBRC Scientific Review Committee Meeting - BNL-52603 
Volume 29 - Future Transversity Measurements - BNL-526 12 
Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD - BNL-52613 
Volume 27 - Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC Spin Physics 

Volume 26 - Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics - BNL-52588 
Volume 25 - RHIC Spin - BNL-52581 
Volume 24 - Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RIKEN 

Volume 23 - Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC Energies 

Volume 22 - OSCAR 11: Predictions for RHIC - BNL-52591 
Volume 21 - RBRC Scientific Review Committee Meeting - BNL-52568 
Volume 20 - Gauge-Invariant Variables in Gauge Theories - BNL-52590 
Volume 19 - Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573 
Volume 18 - Event Generator for RHIC Spin Physics - BNL-52571 
Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574 
Volume 16 - RIKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes - 

Volume 15 - QCD Phase Transitions - BNL-52561 
Volume 14 - Quantum Fields In and Out of Equilibrium - BNL-52560 

Spin - BNL-52643 

IU - Towards Precision Spin Physics at RHIC - BNL-52596 

BNL Research Center - BNL-52578 

- BNL-52589 

BNL-52569 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 13 - Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary Celebration - 

Volume 12 - Quarkonium Production in Relativistic Nuclear Collisions - BNL-52559 
Volume 1 1 - Event Generator for RHIC Spin Physics - BNL-66116 
Volume 10 - Physics of Polarimetry at RHIC - BNL-65926 
Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions - BNL-65762 
Volume 8 - Fermion Frontiers in Vector Lattice Gauge Theories - BNL-65634 
Volume 7 - RHIC Spin Physics - BNL-65615 
Volume 6 - Quarks and Gluons in the Nucleon - BNL-65234 
Volume 5 - Color Superconductivity, Instantons and Parity @on?)-Conservation at High Baryon Density - 

Volume 4 - Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics -BNL- 

Volume 3 - Hadron Spin-Flip at RHIC Energies - BNL-64724 
Volume 2 - Perturbative QCD as a Probe of Hadron Structure - BNL-64723 
Volume 1 - Open Standards for Cascade Models for RHIC - BNL-64722 

BNL-66299 

BNL-65 105 

64912 
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For information please contact: 

Ms. Pamela Esposito 
RlKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

Phone: (63 1) 344-3097 
Fax: (631) 344-4067 
E-Mail: pesposit@bnl.gov 

Ms. Jane Lysik 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

(63 1) 344-5864 
(63 1) 344-2562 
lysik@bnl.gov 

Homepage: http ://www.bnl. govlriken 
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