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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 Wlthm 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 RHIC?
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

' observed in matter created at high
temperature (T > 170MeV) and near-zero
baryo-chemical potential (pg < 50 MeV).
) Experiments at smaller collision energies
; Quark-Gluon Plasma explore larger values of us. Theoretical
work, including recent results from 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
up, ending at a critical point whose
location is predicted to be in the range
pp= 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.

Temperature (MeV)

Critical Point

! Hadron Gas

Matter Density ug (GeV)

In this picture the matter produced in top-energy RHIC experiments, as it cools,
undergoes a rapid cross-over from quark glion 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 from 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 from ~10 GeV/n to



~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 GeV/n to 10+10
GeV/n (VSm = 5 — 20 GeV), and the detector acceptance in rapidity is independent of
energy.

Estimates presented at this workshop indicate that the energy-scan results from 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 power law somewhere
between 1/y° and 1/, where v is the Lorentz factor. The corresponding collision rates
are shown in the accompanying figure.
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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).
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For the longer term, electron beam cooling
could increase the luminosity by a factor of ~100,
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7 scaling beam stores of long duration. This is similar in
0.1 st 0wl prineiple to the e-cooling at full energy that is

1 10 100 now being developed for RHIC II, but would be
Beam Energy [GeV/u] accomplished with much lower energy electrons.

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.

il



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 VSu;= 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 Workmg
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.

iii
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Lattice results on the QCD critical point
Frithjof Karsch, Physics Department, BNL

4 calculations for non-vanishing chemical potential (11, > 0)
show a rapid transition from a HRG to a QGP; |
signaled by sudden changes in EoS and susceptibilities

& fluctuations on the crossover line increase with increasing
baryon chemical potential

. strbngly suggests the existence of a critical point

s

$ WE have no convincing quantitative result on the location of

the QCD critical point... so far
ugwm 't .
» a large critical value, u%** > 300 MeV, is favored

s avalue below ps < 600 MeV is likely

RHIC at low energies, March 9-10, 2006, F. Karsch ~ p.1/6
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Fluctuations of the
baryon number density (x> 0)
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RI-ﬁC at low energies, March 9-10, 2§06, F. Karsch — p.2/6
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Isothermal compressibility
of the quark gluon plasma

. o () 0
inverse compressibility: Ky = — = ( P )
Xq 3nq T fixed

ideal gg gas

high-T, massless limit: polynomial in (pq /T)

3
Ngq Hq
Xq “q—l_ <(T> )

large density fluctuations for pg > 0, T < T

. Tentueatad” hy fluctuations in a
no i wd dication for 'critigal’ fluctuations

A .. __)hance gas
0.4 T %'} . ou/T=O4 =
m W/708 L '
. op g
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T, - Mg/ r  Xq
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0703

12 1.4 at chiral critical point

My = 770 MeV, smaller mq or Iarger V needed??!!

RHIC at low energies, March 9-10, 20086, F. Karsch — p.3/6

resonance gas
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Volume and quark mass dependence of
Lee-Yang Zeroes

strong volume dependence =- fit sensitive to fitting range
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perit = 0.1825(75)

IR

ugt /T = 2.19(9)

1 F+K 2004

V — oo limit difficult to control, S. Ejiri, hep-lat/05006023

the sign problem pops up again

RHIC at low energies, March 9-10, 2006, F. Karsch — p.4/6
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Radius of convergence:
lattice estimates vs. resonance gas

. . . C2
& Taylor expansion => estimates for radius of convergence i

P2n =

Con+42
R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014

2-5 T I T l ’ T I T I 1 T }\ IH T [ T I ; | . E I
| T/T, / SB(p,) /B(pz) 1 14 ;x\,
2r o ° - 1.2 J/
] & | 1 & -
1.5 o] ® — o _
= © 0.8
————
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— T () 0.4 o .
| Ie) p2
0.2 o Py
1y T, T (k) b/,
0 | | | l 1 | 0 | 1 | ] | ) | 1 ]
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HRG analytic, LGT consistent with HRG => infi nite radius of convergence not yet ruled out

RHIC at low energies, March 9-10, 2008, F. Karsch — p.5/6

T < To: pn =~ 1l0foralln = u&?® ~ 500 MeV

HOWEVER still consistent with resonance gas!!!
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Estimator for radius of convergence
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HIC at low energies, March 9-10, 2008, F. Karsch — p.6/6



ST

QCD critical point
and correlations

M. Stephanov

U. of lllinois at Chicago (and RIKEN-BNL Center)

QCD critical point ~ p.1/11
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Locating the QCD critical point

200 I 1 ] [ [ 1 |
130 1TRO4
T [or—esns Tl gl TEO3
170 ¢ -~ T 7=~ *I_LROI
150 E LRO4 o BRI = _
9 N -~
(@) .
5 ®
NJLinst98‘ RM98
100 | AR -
C09%4 L.smo1 CITO2
*
. BEP£9
NJLO1
50 - 50 4 ]
*
NJLa89
0

0 200 400 600 800 1000 1200 1400 1600
“B

Signatures: event-by-event fluctuations.

Susceptibilities diverge = fluctuations grow towards the critical point.

QCD critical point - p.3/11
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Critical mode and equilibrium fluctuations

1> UE w (0%) ~ Q)71 think e~ m

2
) (Q//)—l — 00 - ;
b=HE large equilibrium fluctuations - 2

3 v

Relation to correlation length:

o l21/¢ . ; . .
0 @)~ { ot por el e (0 = [ Eato(@)o©) ~ &

ng, T are also critical? — Mix. Only one linear combination is critical (Fuijii’s talk)

QCD critical point — p.4/11
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Fluctuations and correlations

Basic idea:
_1_ 0B
V duz

_ L 2
XB i ((0B)") — o0 at c.p.

Susceptibilities diverge = fluctuations grow towards the critical point.

Fluctuations can be measured in heavy ion collision experiments.

b b

Finite (and experiment-dependent) acceptance

& Separate acceptance from physics?

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

Mp
5”20{ = || g
(5n 5nk> e ]
i <np>/ i N U
| l
P k

E.g,Q@=>_,,q(a)n; means:

(BQ*) = ) ale)q(B) (ongony)

pk,af

QCD critical point — p.5/11
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Critical point

The 2-particle correlator measures 4-point function at ¢ = 0 (for p # k).

Singularity appears at ¢ = 0 due to vanishing o screening mass m., — 0.
(oré =1/ms — 00).

T Wp Wi m2

g 1 (0npdng)e = 1 fo(4fp) fe(l+ fx) G°

k k  (dnpdng) = (npng) — (np)(ng) > 0 — attraction

Consider baryon number susceptibility:
(6B6B)s = ((6Np — 6Np + 6Np — 6Nn)*)o = (ONpONp)o + . ..

Each term is ~ = = (0BéB) ~ 1/m2 = &2

m2’

Enough to measure (§ N, Np) (Hatta’s talk)

QCD critical point — p.7/11



Current status and summary notes

$ Nontrivial fluctuations are seen. Both magnitude and energy/centrality
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)’.

0¢

» what is physics of the critical point and what is jets, initial state

fluctuations, bubbles, etc. ?

To resolve:

£ pr: jets — high pr, critical = low pr.

£ /s dependence: critical = non-monotonous.
»

non-equlibrium effects — might turn on 1st order side of the c. point.
Use measures which are less sensitive to these,
e.g., ¢, or particle ratios.

QCD critical point — p.11/11



Can we discover the critical point at RHIC?

March 9 2006
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Experimental Search for the Critical Point

® Theoretical guidance is limited

® Experimental strategy:
Search in different observables, correlate observables = NA49

Maximize experimental sensitivity

Fine grained exploration of pg, T space

® Side effect:

- Sensitivity to critical phenomena at |st order transition,
Onset of Deconfinement, EOS softest point, changes in
bulk dynamics e




Why use a collider?

Can RHIC low-Vs scan improve on SPS measurements?
- NA49, Christof Roland, QM’04
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What can be achieved at RHIC?

“Ideal Detector”

_ PID + trigger

* >80% tracking + PID efficiency
Tracking Trigger from 0.1 < pT < 2.0 GeV/c,
over 2+ units of rapidity
* Large acceptance trigger/centrality
counters
* High resolution vertexing

Y%Sﬁfg"

.
|

Trigger Assume 100k central sample at each s




Low p+ K/TT Fluctuations at Vs RHIC

Assumptions:

* Ideal RHIC detector (see above)

* 100k central Au+Au at each Vs

* K/ Fluctuations from NA49 are correct
*0.1 <pp <05 GeVic

Simulation
0 Statistical errors only

)
.
&

_4;
. N .
~~  Fluctuations
D™,
*
] wonly at low pr
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Fluctuations Tep
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Gunther Roland . BN




Summary

Strong theoretical motivation for A+A at Vs
from 5-50 GeV

Rich existing data set in this range

e Non-trivial structure/change in yields, ratios,
fluctuations/correlations

Limited statistical/systematic significance

Low-\'s scan at RHIC could confirm and

B i N , Lo
Gunther Roland = BNLWorkshop March 2006

e experimental results
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T@@@j Smﬁﬂm
Brookhaven National Laboratory

Summary:

No apparent show-stoppers for RHIC collisions at 5-50 GeV/u

Luminosity scales as Y2 down to nominal injection energy
Modity lattice transition energy if necessary

Luminosity likely degrades as y3-# below 9.8 GeV/u
Uncertainty dominated by field quality, power supplies
Should measure magnet field quality at very low currents

Request a ~1 day study in run preceding low-energy operations
Identity power supply, lifetime, tuning issues/limitations

Low-energy cooling is feasnble in the 2 year timescale

)
)
BROOKHEVEN

NATI O/N/KL LABORATORY
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Initial Machine Prejections

10000‘0 | T II!llI' T ™ T T T 717
Fyg scaling

(energy, constant aperture) /

= Scaling laws apply above
injection energies
= When aperture dominated: 1000.0

[ ALER]

N\
R
I I R R D |

= Peak luminosity o y? E :
) [ i

. © n _

* No clear scaling laws apply & 100.0 ¢
below injection energies 0 - ;
» Injected beam already 5 aal ]
: @ 10.0 & E
fills aperture 5 3
., . @ - 3

" Magnetic field quality & i 9.8 GeV/u injection :
degrades very quickly Ll 10 L |

= Power supply regulation is l: v’ scaling
an issue " 'y’ scaling ]

] S'rr‘awman mOdel 0.1 1 oo el AR I N

L 1 10 100
= Peak luminosity o y3-4
Yoy Beam Energy [GeV/u]
7 ’ '
BROOKHEUEN March 9, 2006 T. Satogata - RHIC Low-Energy Operations

NATI QMKL LABORATORY
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‘Mode Beam Energy Nounches Tons/bunch  fB* Emittance L

[GeV/u] [10°] [m] [um] [cmp'za;-l]
Au-Au 2001-2 9.8 55 0.6 3 15 8.0x1024
Au-Au 2003-4 31.2 45 1.0 3 15-30 1.2x1026
Au-Au 9.8 55 1.2 10 15-40 1.0x1025
Au-Au 2.5 55 1.0 100 15-30 1.1x1022
Au-Au 25 55 1.2 3 15-40 2.0x1026

= Assumes expected luminosity scaling as y3 below 9.8 GeV/u
B*/aperture and integrated luminosity tradeoffs must be studied
Projections do not include potential improvements

= Electron and stochastic cooling (peak and integrated luminosity)

s Lattice modifications to mitigate IBS (integrated luminosity)

= Total bunch intensity from vacuum improvements (peak luminosity)

Siall set of Sp@@ﬁ? ¢ energies (and species?) should be a wwksh@p
deliverable for planning

B

BHﬂﬂKﬁEA"E“ March 9, 2006 T. Satogata - RHIC Low-Energy Operations

NATIO})VA’L LABORATORY
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Total Y Bp Dipole

Enepgy Cur'r'en'l'
9.86GeV/u 1052 8111 430 A
25 GeV/u 2.68 20.69 110 A

=  Magnet currents scale with
rigidity Bp which scale with y

» Field quality deteriorates rapidly at
very low currents

» Currently have no maghet
measurements at very low currents,
few at low energy

= Must extrapolate field behavior
for simulations

Low-current magnet
measurements are a priority

//A
BROOKHEVEN

NATIONAL LABORATORY

March 9, 2006

Sextupole component b, [x10™ m™]

—15 r

-30

— Measurements
- 9.8 GeV/u
— 2.5 GeV/u
-~~~ (Extrapolation) -

0 200

400

600

800 1000

Main Dipole Current [A]

T. Satogata - RHIC Low-Energy Operations
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BROOKHEUEN

Beam Studies for Low-Energy Injection

e

» ~1day of studies required in preceding run

Initial studies
Trivially scale nominal injection to lower energies
Provides reality check of power supplies, optics
Test injection, establish circulating beam, optimize lifetime
Initial global optics measurements, field quality, tune scans
IBS growth time study require 3-6 hours extra time

- All but IBS growth evaluation can be done with Runé p

Later studies
= TIBS modification lattice development
= Field quality and detailed optics measurement/correction

March 9, 2006

NATIO/M(L LABORATORY

T. Satogata - RHIC Low-Energy Operations
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Summary

R

= No apparent show-stoppers for RHIC collisions at 5-50 GeV/u
a Lattice modifications fo suppress IBS should be studied

= For energies 2.5-10 GeV/u, luminosity scaling is uncertain
2 Field quality at very low currents should be measured/modeled
i *=10m likely required for reasonable lifetime/aperture
= A ~1day study period in preceding run will be very beneficial
Identify power supply, lifetime, tuning issues/limitations

= Above 10-12 GeV/u, luminosity scales as y? with constant aperture
= Study transition energy changes
> Required o avoid ~3 GeV fransition “hole” around 20-23 GeV/u
= Very similar to normal heavy ion operations

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

=
BIII]OI(I'/.FA"EN March 9, 2006 T. Satogata - RHIC Low-Energy Operations

NATI O/N(f( L LABORATORY
o
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Energy Dependence of Pb+Pb collisions
at the CERN sSPs

P.Seyboth, MPI fur Physik, Miinchen
for the NA49 Collaboration

Summary

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

No convincing signals of a phase transition or critical point

in correlations and fluctuations yet, search continues
Further experimental studies preferentially with an improved
detector should be done to explore the possible existence
of the critical point of QCD

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

= = -
Q + ol B
S 3000 r .| E 300-
- T @ - I
[ [ G0 I
2001- *i o {) Jl’ 200
I @ 0 I
A‘ é 0 ‘ﬁ%’% ¢ | .
B - ] Modsls
At 100~ | Experiments I‘g o
! o G| T TR o
- el 1 {,‘j:’?,,,”‘tnc B "'”IHI T }” qu__ar.:,._
1 10 10° 1 10 10°

\[s,,, (GeV)

¢ 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)

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



Global view -

.
-
% i gueark gluon plasma
I- 200_ crossover
_.L\_, & chemical freeze-out
. A SIS, AGS
i ] SPS (NA4S)
100
w R
- hadrons .» ;jégg
R Aconductor
0 ) ' 1 ;. I |
500 1000
g (MeV)

(Lattice-QCD phase boundary:
~ Fodor,Katz JHEP04(2004)050)

Phase diagram

» statistical model describes yields
from SIS to RHIC energy
* T of “hadrochemical” freeze out
increases SIS = RHIC
* uy decreases (increase of pion
production)

» 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

Workshop: Can We Discover the QCD critical Point at RHIC ? BNL, 9/3/2006
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Energy dependence - x yields

* increase of <n>/<Ny,> with energy gets steeper in the SPS range
* T deficit changes to enhancement compared to p+p

<zm>=15-(<7" >+<7 >) e pions are most abundant
~ 25 produced particle species
& | NP - = measure of entropy
' 200 | in statistical models
sk [ SMES: statistical model of the
KR carly stage
10 <TT>OC S o F 5
s 0 NAZ9 N . N W o (Vs—2m,)
51 {’&gﬂﬁﬁﬂ & pro50s (Gazdzicki,Gorenstein : T
ﬁﬁiﬁf | op. o i3 Acta Phys.PoL B30(1999)2705) |
0
0 3 10 15 Increase of initial d.o.f. g

1/4

F(GeV'”)~syy  between AGS and SPS?

P.Seyboth: Energy dependence of Pb+Pb collisions at the CERN SPS
Workshop: Can We Discover the QCD critical Point at RHIC ? BNL, 9/3/2006
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Energy dependence — ratio of strange hadrons fo pions

strangeness to pion ratio
- | O Nado peaks sharply at the SPS
AAGS
+l k| %
SMES explanation:
02k - entropy, number of s,sbar quarks
I conserved from QGP to freezeout
[ | - ratio of strange/nonstrange d.o.f.

! 55 -9 oX rises rapidly with T in hadron gas
_ o - E, drops to predicted constant level
- - %Qé‘ifﬁ) above the deconfinement threshold
e Ur
] 1 -
00 1 6 ES N <Ng+Ng > _ 0.74 g
172, <> +g.+
~ 0.21

note: <K>=2(<K">+<K >)=4<Kg> SuggeStS onset 6f
deconfinement at SPS

P.Seyboth: Energy dependence of Pb+Pb collisions at the CERN SPS
Workshop: Can We Discover the QCD critical Point at RHIC ? BNL, 9/3/2006
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The Event-by-Event KAt ratio

£ w e max.likelihood fit for each event
a -6MixedEvents
16* dun = 53,65 % 2 — 2 2
Omix =5324 % _— —_— .
o \ Oom. = 659 %4/ 12.% O dyn O%data — O mixed
10 — 101
1 .. s, i (K+ + K'Y (n™ + 1)
0 0.5 1 L5 2 g Q- e Data
@ R T T 7T, 7 PN 7 B O —
S| 5wk atn = o UrQMD ¥1.3
@) @ F -6Mixed:gfj§!s = 6_ {
et 10} o =292 % = - |
) 1025 g::: D 7e88 ek 056 % E | T % b
< ~ t | 1 . 1t mmmp STAR
L] 10 F w 4T Ly
E 1 r L E : I
E 3 i | 1 1 -
© 0 0z 04 06 08 1 S 1
) < - .
M 2 3:“"““""'“”‘13}15"1‘6‘053@"‘““""""*“ 5 i NA49 preliminary
'%: ? '—'GMixedEvems O- LT NN W TN NN W AN SN WO M N ‘| [
103 - dnen f 19.59 Z& - . v
1(lz§ G:’;:, 294 %l 001 % o 10 15 20
sqri(s)
ol i qri(s)
[ [ ‘ . .
1 ff i | Increased fluctuation signal at
0 0.2 0.4 .
v Single Event K/ x ratio ; lower beam energies

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




Four special points of
the high-mu RHIC

Edward Shuryak

Department of Physics and Astronomy
State University of New York

Stony Brook NY 11794 USA

The zigzags on the phase diagram

025

+ Both bar.charge and /_"n,-s:o_oz(sps, /i
—enfs=0.04 s
) rd

entropy are e ,
conserved: ezl — ooy
n_b/s=const(t) /!

« In resonance gas and 5 gl y /
QGP different . - s

formulae: curves do
NOt meet at the

ala

critical line \
» Of course they are acsz a - . 2
connected inside the @)
mixed phase —heating
while expanding due A decade old plot

to latent heat

From C.M.Hung and ES,
hep-ph/9709264,PRC
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Macro theory expects 4
. initial special points, not 1!

T~._points

~
~
~

leaviig the critical point
———————— ﬁ “reaching the critical point

~
~~

(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 : S
influenced by
viscosity) is OK

* Important point: one
has to do dynamical
freezeout for each
species and each

1 {m/e)
e a

System Size! FIG. 12, Freexe-oul surlaces for LGU:% GeNT DL +'Pl'_\
Nucleon Inverse Slope as a Function of Rapidity
i (nOt done by mOSt .40 ou210.dat, 11.6A Gav AurAu
hydro even for RHIC, 5
important for s,y- 030
dependences) % oz
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Pion-pion interaction

Inside the dashed line
Mo <2Ex

Pion-pion interaction gets

Lt

repulsive

Mo < 2Mx
At the boundary of the the shaded
region sigma acts as the Feshbach

resonance for cold atoms, making
pion gas a liquid!

Pion potential induced by sigma

¢ Re(V_eff(p=0,m_si
gma)) [GeV] vs the
sigma mass [GeV]

» Change from
attraction to
repulsion!

* Note: a singularity
at 2m(pion) -

41




Now we
go to 40
GeVA,
NA49

002
Of==esfekeqe -‘ 3|
N\ ¥e’s)

.02

p,<2GeVic
1

1
proton v,

: i
M P, <2GeVic
Laaloinsl oM

=D

at

2 45 1 05 05 ; 1?5 2 018 |2 45 4 05 0 05 ; 1:5 ;

Note the rapdty ity

03 015 .

collapse of A TP

3 [ O central
the N flow ;« § o || g b
I i l A peripheral
0.05p

midrapidity «

g i? AR i 0
D05k 4

”S I]E SQ ° 205 YRNTR FIR PP P |l
D 02040608 1 12141618 2 0 02040608 1 12141618 2
n, {GeVic) p, (GeVic)

Baryons go from light to heavy
because quark quasiparticles are heavy

16

1
\
14
ol2
=
~
Wl
0
[v}
2,
——"]
§
——r]
4
8 3.5 1 2.5 3

1.5
T/Te
FIG. 5, Masses of varlous states stndied in chis warl. The
thin salid line is for quark and the dashed line is (wice quark
mass wliel is roughly for quark-gluon and digquark, The lower
thick solid line is far nucleot states and the npper one fr A
states, These masses are usel for caleulation of Fie7.

Unlike colored objects,
Such as q, q9, qq etc,
Baryons (N...) should
Evolve through the
QCD phase transition
Continuously

Their mass must grow
Into the sQOGPR side

This will generate T
and mu derivatives! M”
has a ~ “wiggle”




Baryons, not quarks dominate d4 and d6

o2l | 9°2p=((213)/ BY'2

Derivatives work like this:

sFor quarks d_In/d_n=1

sFor N and Delta+, Delta0=1/9 .
eFor Delta ++ and Delta -=1

For 4 N and 16 Delta = .466

46
N+A

6.8 1 1.2 1.4 1.6 1.8 2

T/Te

FIG. 6. The susceplibilities rativs df/dy (the thin solid)
and d fde (the thick solid). The dashed lines correspond to
ideal gquark gas (upper) and ideal barvonic gas (lower).

Summary

« 4 special
points
expected

» 2 are related
with 15t order
line

« 2 with the
critical point

o Tha seitest polnt
corresponds to the logest
lived fireball == horn?
eNear critical point one
expects a massless (sigma-
omega) Mode

=>V(pions) gets repulsive

=> Walecka cancellation is viclated
=> stronger NN and rholN attraction
eaffect N and pion flows in
opposite direction. Is it what
is happening at 40 GeV
according to NA49? .

o Heavy baryons in QGP?

43
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Soft mode of the QCD critical point
H. Fujii

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-u phase diagram.

In the case of ny=2 massless quarks, the chiral-symmetry broken phase in low T'/u
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-u-m,q. As the quark mass value m,4 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', 1 and myg all diverge with the same singularity
exponent.

We know that mode softening generally accompanies with a critical point. When
m,q=0, the sigma meson is regarded as the soft mode which degenerates with the pions
at T' > T..

What is the soft mode associated with the QCD critical point with m,4 # 07 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 ¢ 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. Fuyjii, 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

Q(o,ng,s) at critical points in NJL model

Chiral critical point
+ 6 is the flat direction

S SLRE-Y

st

L0002

=]

o9
{1015
a0
.04
e Ry

' ."hg

F

LA

205

Mar.9.06 RBRC workshop

QCD critical point

» A valley in (c Ng.S) space




Ly

Divergence at a critical point accompanies
mode softening

- | do p(w
7 =lim, ., 2(0,4)= [ces 0
| (0]

Chiral critical point > 1y, diverges
-~ softening of o meson (and =)

QCD critical point (endpoint of 15* order line)
2 C, y,and ¥, diver'ge

= What is the critical mode there?

Cf.Scavenius et al. PRC64,2001
Fukushima-Ohnishi

N.B. (mereenye=1/y  and m %" are different guantities

2POW JIWDUAPOUPAY v :Suy



8y

Hydrodynamic modes

Long-wavelength fluctuations of conserved density dists.
+ e.g. Energy, Baryon number, ..., etc.
- Inherent to in-medium dynamics

° Low-lying mode due to conservation :

0N = q.j

From a textbook (e.g., Forster), f
| Suscep’nbnln’ry of conserved density is completely

Thls is always true =2

Enhanced € & y, near critical point must be caused b by modes
s.a. sound ow=cq, thermal diffusion ®=iaq?, .. etc.

Mar.9.06 RBRC workshop
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Lesson from model result

Hydro-mode is low-lying due to conservation

Chiral case:

effective action is a function of o2
-~ no linear mixing btwn o and others

QCD critical point:
linear mixing occurs among s, ny and ¢

Schematic representation of the solution

w/ exact chiral symmetry W nen—-zere guark mass
L} fj,f’{« o0 P fx*"
- L
3 o
-1 e e ml
drop .- X & repel
hydro—modes— | | .7 Hydm—mﬂdes
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Slow dynamlcs near QCD critical point

HF, PRD67,2003
HF-Ohtani, PTPS153,2004
Son-Stephanov, PRD70,2004

c meson decouples:
slow dynamics of T+ & ny > the same as liq.-gas

known facts:
thermal diffusion o ~ g%, z~3
thermal conductivity A ~ q18/19,
shear viscosity n ~qe/1?

Other critical points:
Critical point with finite iso-spin density \1\‘
( Tuv & nB & nI) CFOSSO‘/’(;'

Critical point on T-axis |
Tw \? ’
. 0 = @

Mar.9.06 RBRC workshop m, 4
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-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-\mu plane.

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

Refs. Y.H.and T. lkeda, Phys. Rev. D 67 014028 (2003)
Y. H. and M. Stephanov, Phys. Rev. Lett. 91 102003 (2003)
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The quark number susceptibility near the (tri)critical point

120
=
240
. el 1.5
tricritical 10
(0.5 o
s |
100 =
250 : Men SO0 250 i
1t TV e T Men) o
10 . . .
] ! u!=2ng mq =0 MeVY
9 8
;3 5l ]
:':E” 200
2 } Our model:
'y CJT effective potential in the
improved ladder approximation
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Quark-mass scaling

uark mass dependence of 2/5
: ; T.(m,)~T, = m,

the critical point 5

2/
ll’lc(mq) _ll’lt oC mq

Susceptibilities —16/15 —¢
P Zchiml o« mq l H— luc (mq) l
2/15 —
ZBDCOCmq IlLl_lLlc(mq)|
et 2
po 3
: .. : 4/5
Size of the critical region oCm g

—— Mean field approximation is good
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Crossover of two universality classes

1 Dﬂ
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T e
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critical vs. tricritical
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The order parameter is isospin blind

The baryon number fluctuation is divergent, but the isospin fluctuation is not.
— 0 = 0 y\? (4, =0)
Y=<y u+dy d) >>

7, =< @y’u—dy°d)* > finite

. u,d o u,d

Divergence comes from disconnected quark-loop diagrams.
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Proton number fluctuation

Isospin blindness implies Y. H. and M. Stephanov, 03

< PP >=< NN >=< PN >

< Pr" >=< Pr >>=< Nrx">>=< Nz >

Xz =4<PP>

Divergence comes from protons!




Hydrodynamical evolution near the QCD critical point

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

Masayuki Asakawa,
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 and 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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EoS with QCD CP

= Singular Part near CP + Non-singular Part
1.Singular part of EoS near CP '

assumption:
3d Ising Model <) QcD
plte Same Universality Class T
T Uy
T,
h:extermal magnetic field (> 1) (T 145)

* Mapping: (r, Ay« (T.u3) .
2. Singular Part +(Non2Singular Part Mapping ‘ QcD
+ Matching with known QGP and T QGP
Hadronic entropy density
3.Thermodynamical quantities
* Entropy density

Hadron

Ug

Chiho NONAKA

Singular +Non Singular
K Entropy Density
ST 1) =+~ tanhfS, (T e )0, Ty o A b, T 5 T 1)

+S, (T, u,):Hadron Phase (excluded volume model)

i
So(T,15): QGP phase T AuB?”f
|

JAY p
f Crltcritical region

—_—,

* Dimensionless parameter: S,

r
AT, tty) = 5,4/ (AT J + (Aprea f x D ~
Critical domain ~~~./ CER
A
« Choice of parameters: a7 au_,.D ' Ha
Thermodynamical inequalities Critical exponent near CP

keeps'correctly.

=0

(&)

Chiho NONAKA

20, (E) =0, (_"’ﬁ)
. o Jlyy oN

TV
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Equation of State

Location of QCD CP: parameter
ex. T, =154.7 [MeV], u, =367.7 [MeV]

CP
-3 : ~3 . .
s [fm™] ng [fm<] non-singular
18 06 ‘
: 04
10 02 _
0. - 1st - O i
- cross over T 0. ... singular ]
160 - . T 6o o
' o 600 v _
80 - o5y 400 0 . g 400 6%
T[Mev] O Hp[MeV] T[Mev] © ug [MeV]
entropy density baryon number density
Chiho NONAKA
focusing
*» |sentropic trajectories:s/ng=const.
5 (200.145) with CP o @oc.aet) . without CP
;, 200~ . - - - v ; 200, T T T g T T T
[ N Ny ©
Z Gag rsoasn) = | |
~ 160 - }( 490 7 160 Lo
S A L AN N N N N ]
by 041182 fe 120
" focusing | (404 . | no focusing \ |
80 80+ \
00 200 300 400 500 600 100 200 300 400 300 600
us [MeV1 us[MeV]
T
M. Stephanov, K. Rajagopal, and E.Shuryak,
PRL81 (1998) 4816
Chiho NONAKA
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Correlation Length in Equilibrium

E geq a'eq
Widom’s scaling low \ i Te=164.7 MeV
£ o= rag | 02 N QOZE- b Te= 14377 MaV
“’ 7)ot SN
\ )
‘r\fh 0008808 — \ rder
@.03 ( H
%‘160~ ................... ™ e E éq
2 ! »1.5
T -0.2 i """ . >Zg
4 ; © 30
4?%&0‘?@*@ 0.2 0 0.2
r

* Max. E¢q depends on ng/s.

» Trajectories pass through the region where
Esqis large. (focusing)

*n5/S«— non-critical component of the EOS

Chiho NONAKA

Dynamical Correlation Length

e § : time evolution (1-d)

d 1 . . A :
—ma(r)=—1"[m[,(7:) m,(T) - 12 T(imig) iy E01) —
dr . . £,@ 3 e / £ (0.008)~+
-2 ns). mo6) fog) E £ag (0.01) —
& /S = 4 7 \Eeq(0.008) -
2=3.0" Model H (Halverin RMP48(771435 ., : AN ‘
Eeq L 24 L/(z': o4 \
(=] ot e s
Te=1547MeV| o ot .\ |freezeout
CUUTEMETMEY] W e :
i fetarder | S—
CCEP. . ] 0.1 0.2 0.3 0.4 L/Lotal
o L B 200 ~170  ~160 ~153 ~120 T [MeV
B iR I q:gg
: : : S>30
02 o -0.2

r

» & is larger than &eqat T;. «— Ciritical slowing down

» Differences among &s on n p/s are small,

* In 3-d, the difference between &eqand & becomes
large due to transverse expansion.

Chiho NONAKA
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Fluctuation, Shear Viscosity

= Fluctuation ~ &3

* There is a possibility that the &
fluctuation shows some £
enhancement. “p

= Shear Viscosity

3.

25

f/ | \ 2(0.015) ]
/ ! $(0.01) —|
/' ." \ £(0.008) ==+
/i ‘&‘. Eéseq (0.015) - - -
;o E8q(0.01) -

£89(0.008) - - -

Chiho NONAKA

180 160 140 120 100
along trajeciories 7 MeVl
M ( e )‘*‘J”O‘”‘”

o ‘Seq.(l

4-d

« Entropy production is expected
small.

Chemical Freezeout

= Hadron ratios
200;

g H
- mof

i

1204

80

100

300

S00
g [MeV]

Chemical freezeout point is focused?

=> Not necessarily

Chiho NONAKA

temperature T [MeV}

Heinz :hep-ph/0109006

T T
early untverse

quark-gluon
plasma
E L
s
250 = 3
E
REIC 3
we k. S}?S,/% E
b v 5 Ve
e )4 B
<Y

~goconiinement

1ae ¢ ciiteal rosteration ]

L
02

"
0.4

a8 8.8
baryonic chemleal patantiat p, (GeV|

«Statistical Model
Free resonance gas model

g

<At chemical freeze-out
Quasi-particle state

Csorgo, Gyulassy, Asakawa PRL99
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Thermal Freezeout

= T; vs collision energy

EOS with CP —
00 ——— T =
= 6o e —— @ 3— Thermal freezeout takes place
2T T, at lower T at RHIC?
= 1207 crossover 1st order
80 E t' ' densit 1 Yesl! ,
r - 60 .
qp [ENUOPY density, QCD CP may exist between
0 Z?LOIMeV]4OO 600 RHIC and SPS collision energy.
» Thermal freezeout . e RHIC s [ ' Rll-ll c i
. ExpansiOn l'a’[e g a8 I~ SPS ‘D’ —; (f:g 10";» q)(szr)zr"‘? ......... Q D i
RHIC >SPS Tl L i T2 | ¢ SPS 1
§ 04 |- -1 G B + §
« Collision rate, HBT | = | §°_ & o
SPS ~ RHIC o S
7 1 o’ 1 10 10°
“T,(RHIC) > T(SPS)| G (GeVIxy and K Gy (GEV)
nucl-ex/0104021(QM2001)
Chiho NONAKA BRAHMS nucl-ex/0404011

CP and lts Consequences

k Focusing in isentropic trajectories
Fine tune collision energy is not necessary.
e Consequence:

ﬂucfuations,

low thermal freezeout temperature at RHIC | 20
0 160
E‘ L
= 120

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

100 300 500 700
1IMeV1
Future task
k Realistic time evolution (ex. 3-d hydro calculation)
- with critical point
Chiho NONAKA
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Prospects of

a new ion program at the CERN SPS

M. Gazdzicki for NA49-future
Frankfurt, Kielce |

@ Physics goals
@ @ narso-future
o ' ‘ 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",
CERN-SPSC-2006-001
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‘ Physics goals

B Study the properties of the onset of deconfinement:
-is it possible to 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?

B m 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?



ISY

. . NA49-future

NA49-future = a proto-collaboration wi

today

-measurements 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

iction in hadron-nucleus
ho and cosmic ray experiments

-measurements of hadron prog
interactions needed for neutr

The NA49-future Proto-Collaboration:

80 physicists from 20 institutes and 14 countries
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Project 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-cylindrical GEM detectors
(Gas Detector Development Group,
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Beam requirements:

2006:

2007:

2008:

2009:

2010:

2011:

beam energy (A GeV)

protons 200
protons 30
hadrons 30-158 |

indium 10-158
silicon 10-158
‘carbon 10-158

#days
7
30
45
30
30

30

lons for fixed target program at SPS possible only after

the first, 2008, ion run at LHC



® @ @ Ecxperimental landscape |
‘ NA49-future:

~-perfect for a fast energy-system size scan, _
~-very good for a study of properties of the deconfinement,
-ideal to study fluctuations of extensive quantities

Physics comparison: SPS vs RHIC-low

SPS (NA49-future) | RHIC-CP (STAR+.'..)
energy 5-20 5(2)-200 & & ‘ RHIC-CP |
. ' -very broad energy range, perfect for a search for the
acceptance amr (inclusive){. : mid-rapidity (inclusive). - critical point,
limited (e-by-e) 21 mid-rapidity (e-byé) -excellent for a study of anisotropic flow and other
a azimuthal correlations (e.g. at high transverse momentum)
event rate 30 Hz {v 1(?) Hzatlow E : :
centrality - a full measurement (?) - _ ' l '
control of N"'°’spec (PSD)
(=)
[e]

We need both RHIC-CP and NA49-future
' running soon




PHENIX Capabilities for the Low-Energy RHIC Run

Peter Steinberg, BNL Chemistry Department

Unprecedented opportunity to study strongly-interacting
matter over 2 orders of magnitude in excitation energy!

How does baryon density affect dynamics?

PHENIX will provide a broad and deep menu of
observables 765M events!

. ini bias AutA \s =200 GeV
e Bulk observables (entropy, flavor, dynamics) TR f'@_s .
® (Correlations & FIuctuatlons

® Rare probes (|ff a long

e High return to mode

dN/dm, , [c/GeV] IN PHENIX ACCEPTANCE

0 02 04 06 08 1 . 4,
m,, [GeVic']




Baryons suppress entropy!?

Cleymans, Stankiewicz, Steinberg,Wheaton (2005)

(A+A)-(P+P) i -
i

O A+A
e 1 -Corrected A+A

————- Thermal Model (Param [} 1 NA49

Thermal Model (Param Il) @ Bevalac + Dubna
il 1 A AGS

1'02 % PHOBOS
2 : © ptp, B ptp
\'s (GeV/c” |

10 15
F (GeV'"

A change in ...Or just leaving
the number of  out the non-pion

degrees of contributions to
freedom?... ~ the total?

T T 1T 1 | T 17 I [ L

Rapidly-changing baryon den;

to interesting physi s!




Triggering & Acceptance
ZDC - at low energy? ' '
BBC - 3<|n|<4

e Will be of limited use for low i N
energy running POLEFIECE -

Need a high-efficiency
trigger scheme

Central arm has [n|<0.35
BUT lots of forward
capability and upgrades

® Muon arms 1<|n|<2
o VIX|n |<2 | | L
e NCC d “oEmcToR
e MPC

® Other low-E specific
~ detectors




Transverse Dynamics

PHENIX White Paper

NA49, Hoehne QM2005

TT};I o
L 24

{my-my, (MaV)

500§ NA4Q

8

10°
SNN (GEV)

Fig. 13. Beam-energy dependence of the extracted mean transver:

se expansion ve-
locity as a function of beam energy from simultaneous fits to spectra of different
mass [97,98,99,100,101,48,102].

Energy dependence of radial expansion?...

...or a dramatic change in <mT1> right where
baryon density is changing!

How does baryon density affect transverse activity?



IK/TT Horns

A A AGS
E ® NA4Q
O e RHIC

mpal"ISO | Ef'zof PH ENﬂE & STAR WI|| be lmportant



Elliptic Flow

0.8

x, K PHENIX 20-40%

= STAR 11-46%

h PHENIX 20-40%

n NA49 13-34%

7 NA49 13-34% {

7, K', PHENIX, 200 GeV, 20-40%

m, STAR, 130 GeV, 11-46%

h*, PHENIX, 62 GeV, 20-40%

x, NA49, 17 GeV, 13-34% A
x, CERES, 17 GeV, 13-26% QX {

m, NA49, 8 GeV, 13-34% T

3 log o7
T

0.7
0.6
0.5
0.4
0.3

0.8

0.6

OO0 » mO

n Hydro+RQMD 6fm Teaney et al. *
[lj * Is this a “step” in the
energy dependence?!

0.2 )
Use a single detector
- 0.1 to reduce errors

03 05 ~ 25 0 10 T |
pr (GeV/c) | oo (GeV)

0.4

1/¢ d(v2)/d(pt) 1/GeV/c

0.2

IIIIIIIIlIlIIIl||||

0

IIII|IIIIIIIIIllllllllllllllillllllllll

Fig. 16. va(pr)/€ vs. pr for mid-central collisions at RHIC (filled symbols) and SPS  Fig. 17. The slope of the scaled elliptic flow, (dva/dpr)/e, for mid-central collisions

(open symbols). Dividing by eccentricity removes to first order the effect of different at RHIC (filled symbols) and the SPS (open symbols). The slope is calculated from

centrality selections across the experiments [50,103,70,104,105]. the data in Fig. 16 for the data pr < 1 GeV/c. The solid error bars represent the
total systematic error including the systematic error on v and e [50,103,70,104].
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The Search for the Critical Point of QCD:
STAR Capabilities for Low Vs, Running

Tapan Nayak
CERN, Geneva, Switzerland
and
Variable Energy Cyclotron Centre, Kolkata, India

(for the STAR Collaboration)

Workshop: Can We Discover the QCD Critical Point at RHIC

March 9, 2006
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1.2<p<1.4 GeV/c

f“{
%5 o 05 ,15
Mass? (GeV/c )

'
ER 30 A TR ITES Kot il

Hadron identification:
STAR Collaboration, nucl-ex/0309012

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.

March 9, 2006 Workshop: Can We Discover the QCD Ciritical Point at RHIC
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Pseudo-rapidity distribution of charged particles at 4 different centralities.

March 9, 2006 Workshop: Can We Discover the QCD Critical Point at RHIC
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A

R Trlggerlng with STAR Beam-Beam Counter (BBC)

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
two c.m. energies and four different centralities:

Centrality | AuAu E_ .= 5 GeV AuAu E_ .= 8.75 GeV
(b in fm)
v BBC Inner | BBC Outer | | BBC Inner | BBC Outer
3.9<1<h.0 | 2.1<n<3.3 3.2<1<5.0 | 2.1<1<3.3
b<3 5 27 12 54
3<b<6 11 30 21 57
6<b<9 22 35 39 40
>9 44 30 66 8

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

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

BBC can effectively be used fo‘r triggering for low energy runs.

March 9, 2006

Workshop: Can We Discover the QCD Critical Point at RHIC
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.
: ;;STA

. Beam-time estimation for a basic energy scan

©
o
o
N
| ©
—
c
O
| .
©
=

March 9, 2006

E o g BBC | #of days/1M | #of evenis | #of days of
- Coin | (iday=10 hr) | needed beam
Rate
4.6 570 3 9 5M 45
6.3 470 7 4 5M 20
7.6 410 13 2 5M 10
8.8 380 20 1.5 5M 7.5
12 300 54 0.5 5M 2.5
18 220 >100 0.25 5M 1.5
28 150 >100 0.25 5M 1.5
* cleanup
« vertex |
- efficiency 5M events: 12.5 weeks: JUST enough,

Errors factor 2-4 better than NA49

e Gunter: 200K 0-5%, minbias:4M

Workshop: Can We Discover the QCD Critical Point at RHIC
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> The QCD phase boundary is worthy of

Summary CD p is worthy o
study, including that of the tri-critical point.

o STAR experiment with the inclusion of
 TOF will be the ideal place for this study.

AGS SPs RHIC

ecasure

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

Physics m

==
[ty

| © The RHIC program looks most
| promising.

| Thanks to STAR Collaborators and in
| particular:

Energy Density —

Paul Sorensen, Bill Christie

Jamie Dunlop, Nu Xu

Zhangbu Xu, Peter Seyboth
Tim Hallman

March 9, 2006 Workshop: Can We Discover the QCD Critical Point at RHIC 6
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- LowEncrgy operation of RHIC

AGS low energy extraction performance

N. Tsoupas CAD
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Purpose of the Study

« To 1dent1fy, and Cope with, any 1ssues related to the -
1nJect10n 1n AGS | - ' o

-', - accelerat1on | e
‘ e extraetlon from AGS and e

transport to RHIC

of p Cu Ui ions of Etotal __2 5 GeV/nueleon

. If necessary, we may perform measurements to
| answer any questrons relevant to the tasks mentloned




€8

Schematic Diagram of the Collider Accelerator Complex

TANDEM

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

Derek Lowenstein

LINAC

Injection into AGS same as in Normal Operations
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 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]
— Protons Cu Au

Ion

Etot

Ions/bunch

&5 (950

GeV/in

7i[mm.mrad]

2.354

2.0x10"

8.7

P!

1

1 1.030

4.0x10°

16.8

An

1.028

6.0x10°

9.2

i
i

Acceptance of AGS at Injection 47 nt[mm.mrad]




" Schematic Diagram of the Fast Beam Extraction (FEB) from AGS

Circulating bunch in AGS

===(Circulating Beam

e T

Extracted Beam

Acceptance of AGS at Extracion 6.3 n[mm.mrad]
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Are there any problems relevant to beam Extractlon from AGS at 10n Energles
R | 2. 5 GeV/nucleon? I .

Beam Emittance issue:

— Beam emittance measurements of p Cu and Au ions during the
acceleration show that the Normalized beam emittance is less or equal to
the Normalized emittance at Extraction.

Ion

Eit |Ions/bunch|Norm_g,,(95%)

£, (95%)

GeVin

[mm.mrad]

w[mm.mrad]

2.500 | 1.5x10"

15.0

6.2

| Cu

2.500 | 4.0x10°

15.0

6

| Au

2.500 | 6.0x10°

12.5

Acceptance of AGS at Extraction 6.3 tfmm.mrad]

Bunch length issues:

— For a Au beam at energy 2.5 GeV/nucleon, 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. |

transported tO the»;

cutrino Target” mnnd; Al Ll e
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Lu minosity Monitoring Issues
for Low-Energy RHIC @p@mm ons

e
/\r”

Sy e
Sroaddavan Naend L

sl

Summary:
= ZDCs seem statistically, acceptance and light limited at
low energies

= ZDCs most likely cannot be used reliably for monl‘romng
or steering (and not for triggering)

= We will have to give up the idea of two independent
measurement systems

= Can we use the experimental BBCs for luminosity
monitoring, and calibrate them?

A. Drees QCD critical point workshop, Mar 10 2006
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What do we want/need?

a reliable detector for online monitoring and
steering |

a reasonable signal/noise ratio

calibration (cross section measurement) for
book-keeping

comparison between the different IRs

small integration times

independent from vertex distribution and location
redundancy
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ZDC overview

The ZDCs are sampling hadronic calorimeters with
tungsten/fiber layers (27 per module)

common to all IRs

' Since they are located at +/- 18 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
@100 GeV)

if used as a collision monitor in coincidence mode the
signal/noise ratio is very good (typically very low
background)

they see all collisions, regardless of the vertex position
and distribution
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ratio of ZDC meas. and calc, luminosity

gl5 ¢

=21.4 E— red triangles: STAR

o C blue circles: PHENIX

Gl Luminosity from

Q12 k | collision rates in the

L1 E 4|L | ZDC (calibration from
g 1 WL+ % ------------ + ----------------------- + ————————————— 2002) divided by the
0.9 luminosity calculated
Y, J ST TR EUNINTEN RSV SURRTIN RFRTEVIN PRI ST AR S from beam

2 4 6 8§ 10 12 14 16 18 20 parameters (size &
luminosity (10**30 em-2s-1)  nch current). Beam

=15 ¢
4 b parameters are
ERN: | derived from vernier
g Mo | scans. This ratio
51‘2 5 jump? T should be constant
g1 ] and about 1. Should
g1 + """""""""" S not depend on

0.9 | | | | | luminosity.

0.8 T R T B R PR T N N G R I B B L T

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

B0t |

ZDC vs. BBC luminosity
g | S ndf
= Pl
§+ + P2
= T ¢
3 5

0.6573 / 4
0.6905
~-0.1279E-01

_I|lll‘Ill‘ll|‘|Il‘lll‘l||‘lll‘lII‘ILI

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

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.

1 ¢
Eo& :

S0.8 F
[

50.7
30.6
w0.5
-*]

0.4
0.3

0.2 =

ratio of meas. and calc. BBC luminosity

5428 / 4
0.7654
-0.9587E-02

“w
T |

IIII||lIIIIIIIIIIIl||||l|l|l||ll|ll

2 4 6 8 10 12 14 16 18 20
luminosity (10%430 ecm-2 s-1)

¥/ ndf
Pl

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 limitations

limit of productlon of cherenkov light in the
fibers: B > 1/n »

n for the fibers = 1-.4 =>1/n=0.7
for p = p/E =2.3/3.5=0.65

assume coulomb dissociation of the neutrons:
Eneutron Ebeam Eshow prod,

depending on the beam energy we are jUSt at
the limit

increase tube voltage, decrease discriminator
voltage => new calibration .

acceptance drop due to ferml motlon 1/p2beam
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“Electron Cooling in RHIC at Low Energies”
Alexei Fedotov, Collider-Accelerator Department, BNL

Summary of principle points:

* Electron cooling was considered for low-energies in RHIC (below
present injection energy).

* Electron beam was assumed to be produced by % cell RF gun of
the ERL which is presently under construction at BNL/C-AD.

e It was found that cooling is effective both for the rms emittances
and rms bunch length of ions.

W
. e oo

O O P A

I 'le}*‘ﬂﬁ.ﬂ? L. Lo R0 B Ty B

Alexei Fedotov
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High-energy (55 MeV electrons) cooling - to cool Au
ions at 100 GeV/u energies in RHIC

o
T
o7 &S

55 MeV electrons
delivered by
Energy Recovery Linac (E

RL)




Cooling Au ions at 1.5 GeV/u (y=2.61)
Electron beam: q=5nC, rms g, ,=15um, 6 ,=1e-3, L=80m
(Figs: plotted emittance is rms unnormallzed) |

‘028?5 C : 543; i
Jozrs N\ -__rms bunch length due to cooling:
: . xﬁ%___, ‘ \ A00D vy S QA 1 1.0 sec
,5:;*:::: fd - \ A A A" ]! Ll ® 4 ASTEE IR E L M M Y -
g /»5’5‘:*” | ‘g \
£ == empittapce growith 58 N
2 == (95% normglized) dise to IBS: ¢ N
.- o i | - N
§ | Binesees| L5 1 => 18 min 30 min N
) ’ s Referenclstime [sec] 23 ®
720 1080 1440 1800
Reference time [sec] . .
T 0 ] i VD‘2VB>75; .
02875
< Cooling of transverse emittance
£ ] 1(95% normalized
‘ h\\ . = |
| T Cooling section length: L=80m

: [1} 4 8 12 16 20

S O imﬁh B
PRAT TP L a5 WK IR T R

Alexei Fedotov
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Cooling Au ions at 1.5 GeV/u (y=2.61)
Electron beam: q=5nC, rms g, ,=15um, 5,=1e-3, L=10m
(Figs: plotted emittance is rms unnormallzed)

450

0.6074

M3

378 \ -
'§ X '_g \\
£ Cooling of transverse emittance %, N
P (95% normalized) 2 N
i . E "~
v €inosob: 157 -> 8.6 min 80 sec ;
rms bunch length due to copling:
i 400 cm -> 130 C|[n in 80 seF
0 2 40 50 80 100 S ' M ' , ’ 7% ' 160

. 5
- .Referencelimefsec] .. . .. . Referencefimelsec]

Cooling section length: L=10m

Alexei Fedotov
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Cooling Au ions at 5 GeV/u (y=6.37)

Electron beam: q=5nC, rms €, ,.=10um, ©

(Flgs' plotted emittance is rms unnormahzed)

~

-1e 3, L=10m

450

1045 ¢

0?78
= bunch | inqg:
; S by rms_bunc engthﬂu@h:tjolmg,_
= __..-ﬂ-""""-'-ﬁ 268cm—>105cm-in20 eC—
GE'X .—"‘""‘-ﬂﬂ ‘/"> E
‘Ex'-f! J-ﬂf -// %m
Eo it 7/ Eg
@ ' Empittance growth | /] 8 \M
(95% normalized) due o IBS: T
i Eihosef 18T =5 S0|% In|60 mmin
0 720 1440 2160 2880 3600 0 7 150 295 300
. [ . Reference fime [sec] | ) o  Referencetinelses] ~
- o - J, L1 — ] 15:1488
Cooling of transverse emutta ce ores
(95% normalized): e
m & nostp: 1B 7 > 5.6 m in 200 sec
l..)lj- :‘\K \ C I- " I h . —
| - ooling section length: L=10m
-‘-.”"--__
: - 0 60 120 - - 180 240 300
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Coollng of Au ions at 9 GeV/u (y=10. 66)
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Energy Del_i)endence of Thermal Parameters in
eavy lon Collisions

Krzysztof Redlich
University of Wroclaw — ik T
. ™
O Chemical Freeze-out in A-A col. e
B freeze-out conditionsand | )
JSxv dependence of parameters hadron gas.
m particles excitation functions —
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Freeze-out critical conditons ‘

O Charge fluctuations below and at
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Phase boundary of the fixed energy density versus

chemical freezeout
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Scaling properties of particle production yields |
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= Scalings appear cfﬁe/ﬁ:o the strangeness exchange

A. Andronic, P. Braun-Munzinger &K.R.
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production processes in the hadronic fireball,

that are correctly treated in the partition function with
an exact'implementation of the strangeness

conservation
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o ulT fa‘ctorizatidn on the Lattice as in HRG
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The Hadron resonance gas model and net-quark
fluctuations

S. Ejiri, F. Karsch & K.R , O(6)
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The phenomenological partition function of hadron resonance gas describes
the net quark number fluctuation and their higher moments in the region
for T <T .Anincrease of susceptibility with H“/T s not sufficient

to claim being in the vicinity of 2d order end point.
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Quark and isovector susce tibilities along the
critical curve in the NJL model

08¢

"Ch. Sasaki et al..
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Can We Discover the QCD Critical Point at RHIC ?

RIKEN BNL Research Center Workshop

March 9-10, 2006 at Brookhaven National Laboratory

Observable power laws at the QCD
critical point
Nikos Antoniou

University of Athens, Department of Physics

Outline
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 (pp = p., T =T.) we expect:

1. A second order phase transition:
(compressibility) ~ &2

(compressibility) ~ gZB = [d*Z(ng(Z)np(0))

2. Universality class:
3D Ising ; § ~ 5, n ~ 0 (critical exponent)

—

3. Order parameter: Effective field: m(Z) ~ o(Z) ; np(Z)

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

—

grating in rapidity and rescaling the basic variables (m, )

Ie=C[d%,[|[Vim|® + GO m|™

0
C = 21,7, sinh(?y)]“l, G~ 2
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. The partition function:

Zrye Tml g6 (511G m ) = 0

S

m!®): singular solutions of the FEuler-Lagrange equation.

. The final result:
Generation of self-similar critical cluster in 2D transverse

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

correlators obey the power laws:

s - (O-)— o 2 5 - 1 4
(Po(@)po(0)) ~ |Z%F 7 5 dY) = <5+ 1  ~ 3
- o g\B)_ 24 5
(op(@)ps(0)) ~ [ELF 2 dff ==~

In momentum space these power laws are observable

(critical opalescence ~ critical intermittency)
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Critical Clusters

c - cluster
(a) (p(Z1)p(0)) ~ |2, |~
(b) £~ % sinh (%y)
() dr = 2(;; 11)

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).
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AF (M)

CMC for Si+Si at 158 GeV/n

Si+Si at 158 GeV/n

(<n_ >=1.5)

HWING for Si+Si at 1568 GeV/n
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AF (M)

<n,>=15
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Baryonic Matter &

Peter Senger

x The Facility for Antiproton and Lon Research

3t Compressed Baryonic Maiter: the physics case _

. The CBM detector: challenges and possible solutions
w3 Feasibility studies and Detector R&D

Can we discover the QCD cm‘rucalpoun‘r.a‘r*RHIC? BNLMar'ch 9-10, 2006
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“Trajectories” from UrQMD

diagram wit

H. Stécker nucl-th/0506013

250 ' | ' | y J | : | '
i endpoint 1
& [Fodor, Katz]
200 Lo [Karsch et al.] _
2 UrQMD:
A AutAu, 11 A GeV -
Y Pb+Pb, 40 A GeV
= 150 Pb+Pb, 160 A GeV -
é’ < AutAu, 21300 A GeV
= 100 -
S0 L -
e chemical freezout
0 2 3=y (RHIC) [Cleymans et al.]
0 ]_I . I | . | ' 1 ' | . | L
0 200 400 600 800 1000 1200

v heavy-ion collisions
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Probing the equation-ot-state at high pg
Observables: collective flow of hadrons,
particle production at threshold energies (open charm)

- Search for the deconfinement phase transition at high pp

» enhanced strangeness production ?
Observables: K, A, 2, &, Q
» anomalous charmonium suppression ?
Observables: charmonium (J/y, ¢'), open charm (D°, D)

Search tor the critical endpoind
Observable: event-by-event fluc’rua’rions (K/m, py, ...)

Search for chiral symmetry restoration at high pg
» in-medium modifications of hadrons
Observables: p, ®, ¢ — e*e, open charm, .....
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The CBM Experiment — ___ N

¥ o

STS

e T
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target

licon (pixe

I/strip) Tracking System in a magnetic dipole field
> Electron detectors: RICH & TRD & ECAL: pion suppression better 104
> Hadron identification: TOF-RPC

> Measurement of pho‘rons, 1, n, and muons: electromagn. calorimeter (ECAL)

> High speed data acquisition and trigger system
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D* mesons from A

Track reconstruction: b* production cross section from HSD
realistic magnetic field, 25 AGeV Au+Au from UrQMD

7 pixel detectors (no strips yet),
ho particle ID required

14000

S/B = 5.3 (20 region) A)

s
81K D" per 10" MB events

i [
= ¥
S =
S S
S 3

6 = 5.5 (MeV/c)
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A
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[N

1.78 1.8 1.82 1.84 186 1.88 1.9 1.92
Kt m. (GeV/c)

my
81000 b* mesons registered in 10! min, bias Au+Au collisions af 25 AGeV
-~ 1 day run with tast and rad hard vertex detector and fracking trigger
- 100 days run with todays MAPS vertex detector without trigger
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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, Z. Xu

Z0 Outline

> Motivation

- > What we have learned at 200GeV
Some systematic from 1 - 200 GeV

> Energy scan at RHIC - search for native
hadronic shore

Nu Xu “Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006” 2/10
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zz; ___High-Energy Nuclear Collisions

Goals:

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

(3) Demonsirate the transition between partonic
and hadronic worlds

Nu Xu “Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006” 3/10
) Yields ratio results
& i-& SRR RO AR \j’,\\} &7 G*
[7)]
.g 1 .O.v,o, - 'O' .................... "6 “EIRT IR
Lt
© —_—
c 1 - L Q@
_g 10 o o —
© < ?
Sof| T
=10 | Y
8 | TR ¢ LS JoY
% ors| @
-3 o Y
A 05 5
‘!'3 10 ) “r
= 0 100 200 300 400
= Number of participants

200 GeV "¥Au + % Au central collision

- In central collisions, thermal model fit well with ys = 1. The system is

thermalized at RHIC.
- Short-lived resonances show deviations. There is life after chemical

freeze-out.

RHIC white papers - 2005, Nucl. Phys. A757, STAR: p102; PHENIX: p184.
L |
Nu Xu “Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006” 4/10
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Collectivity, Deconfinement at RHIC

- V,, spectra of light hadrons

(a) A ) o and multi-strange hadrons
02} .."Zdi‘?--#"'%“"- {}é - scaling of the number of .
‘3 b . constituent quarks
o Kisc 8 ¢ o @
SN >
$o ] .
AL i| | AtRHIC, | believe we have
) B s e 2| | achieved:
o 1 2 3 4 5 %
p; {GeV/c) & P e e
T - -l | = Partonic Collectivity
.... 01 |- {d) o wat o KE :g:
02 1 4 2| | = Deconfinement
I = %?" N OI- T
> T 0.05 :
0.1 > i
o & pip
O o4 O Ash 0 B45 PHEND(C PRLS1, 182301(03)
Y P LR L —— STAR: PRL92, 052302(04), 95, 122301(05)
5 6 05 1t 15 2 25 nucl-ex/0405022
Py, (GeVic)
S. Voloshin, NPA715, 379(03)
Models: Greco et al, PRC68, 034904(03)
X. Dong, et al., Phys. Lett. B597, 328(04).
Nu Xu “Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006" 5/10

-~

¢-meson flows

VSyy = 200 GeV "Au + ¥Au Collisions at RHIC (IV)[ RHIC results mean:
T g - T

a " NCQ-sealing fit
¢ A D+ e, . .
ozs | " e g 1+ Partonic EoS
0K 4 A S il «  Particle productions
0.2 Q?‘)" ,eﬁi'j}ﬁ'""""'# +'+ d dominated via
Ny E: partonic introduction
0.15 "e' 6 "o _,OW rvvm¢- -$ cwimre e n% g .
e il 7
oo @B b 4= The system started
0.1 Ao B beyond hadronic
¢ o h=
oo"-b 3 matter
0.05 %\ o ¢ - meson g
W STAR Prelimi 5
o | 04 reiminary [ Is there a boundary that
P ; 5 . y s 5 can be observed?
Transverse momentum p; (GeV/c) Where is the boundary?
STAR Preliminary, QM05 conference Experimental issue!
Systematic approach
Nu Xu “Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006” 6/10
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Non-photonic electron spectra & v,

A(lz Dinrdievie et al nuel-th/N507019

§ : T T T T T T T T T
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1 [T btc—e
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Partonic energy loss - necessary for the plasma formation !

Charm flows - a hint for partonic thermalization at RHIC!

Nu Xu
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“Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2008”
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Freeze-out systematic

At freeze-out:

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

v, continuously rise with beam
energy. A clear increase in
averaged velocity parameters
B, - increase of the ‘pressure’

in the system at RHIC.

When v, crosses zero, a
plateau appears for T, and B,
at beam energy ~ 5 GeV.

e o e

Nu Xu

“Can We Discover the QCD Critical Point at RHIC?, RCRB Workshop, BNL, Mar. 9-10, 2006”

122

8/10



~

reeced]
IO

) Nuclear Phase Diagram

High excitation

Partonic d.o.f. dominant
“Tsunami at deep ocean”
Null effect!!!

0.25

e
@
o

o
-
31

hadronic world

Energy scan:

e
-

Turn off partonic activities
- $,Q, D-mesonv, = 0
- jet-quching disappear

emperature (G

\\T

Look for our F ¥ £ P
“Native hadronic shore” M c T
0.05 ©.1 0.5 1.0 5 10

Systematic study of correlation/fluctuations :
Systematic of di-lepton signal Baryon DenSﬁy (GGV)
U+U collisions
Large acceptance with collider environment

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

= Detector system

Ganiicy ian

Clean environment - colliding mode
Large acceptance
Good resolutions for particle PID

STAR TPC

STAR TOF(08) ideal for the scan program
STAR HFT(10) '
PHENIX HBD ideal for di-lepton program

Impertant for RRIC-0 future programms

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 1%, 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, the energy-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.

JOHANN WOLFGANG o8

UNIVERST

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt FRANKFURT AM MAIN
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KNO-scaIing and p, fluctuations in pp

. N
For constant fotal p, per event, expect for p, fluctuations: Y A ~o(N)= (—N—J
< pt> ) (N)
UAS Phys.Rep. 154 (1987) . | Braune et al. Phys.Lett. 123B (1983)
T T T T
R R vs. 5, FOR pp,pa AND @@ SCATTERING
NSD o UAS 546 GeV
1o & 114GV
S e

v 238 »

% - 272 ; l - 2 i # :
100- ; @qg'%& ; é‘é g :,E | i {) | |
B, ! ‘}
<10 i ¥ ] 0.08!- ;

Hhi | 0_045

10~L 1 1 1 I O : - L L
0 1 2 3 4 20 30 40 50 60

z =nl<n>

KNO-scaling: scaled multiplicity distributions
collaps to a universal function - o(N/<N>) = const

Vs (6eV}

- beam energy-independent M, fluctuations related to KNO-scaling in pp
- in AA: a remnant of pp physics?

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt



LTl

Scale dependent analysis

all charges

158 AGeV Pb-Au central

CERES preliminary

@By MeV

SEER e e
N:,\ p— —
N N
& L T — o
s B wi 5
s S wf T
Q?;'“ My a0} 3
= Q Q
3 . < T .
Q. > 200 .
5‘ 2, Q
v e M

G. Tsiledakis, PhD

» short range component from quantum correlations

» °Vvery short range component from Coulomb, et*e-
» weak bump from resonances
* back-to-back component

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt
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Centrality dependence

& 600- % Pb-Au158 AGeVic | = 08 %
2 o 10-20 %
- ] 0<47<0.5 A 20-30 %
= 7 - o v 30-40 %
7\-’ 400- Y CERES preliminary o 40-50 %
= 1
S
Y 2004 O
g,
v

0D

-200 T T T 1 T
0 30 60 0 120 150
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» angular dependence increases towards peripheral collisions

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt
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Elliptic flow contribution
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» measured elliptic flow explains neither shape
nor magnitude of the measured correlations
 observed pattern looks very similar to high-pt

correlations
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p«~Pp, correlations - azimuthal dependence

T Pb-Au 158 AGeV central

Harald Appelshauser, Johann-Wolfgang-Goethe-University Frankfurt

G. Tsiledakis, PhD
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Can we discover the QCD critical point at RHIC?
Lattice calculations at finite baryon potential

Zoltan Fodor
University of Wuppertal & University of Budapest

1. Standard picture of the phase diagram and its uncertainties
2. Lattice results (staggered fermionic actions with fourth root)
a. Existence of the critical point: transition at u=0
b. Location of the critical point: L;=4, a=0.25 fm results

Cc. Density of state method: three phases for nf:4

3. Conclusions
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o Is our picture correct? (cross over — critical point)

What can we really say about the physical point (cross-over)?

== physical quark masses: mz=140 MeV, mg= 500 MeV
—= continuum limit: extrapolation to vanishing lattice spacings

in “usual” lattice simulations these two limits are missing

quark masses are important for the order of the transition:
nf=2—l—l theory with my=0 or oo gives a first order transitiloln
for intermediate quark masses we have an analytic cross over

F. Karsch et al., Nucl. Phys. Proc. 129 (2004) 614

continuum limit is important for the order of the transition:
ny=3 Case (standard action, =0, L;=4): critical m;~300 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 at u>0 we need a -cross-over at pu=0
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Order of the transition at u=0: physical mg-s in the continuum
G. Endrodi, Z. Fodor, S.D. Katz, M. Nagy, K.K. Szabo, WU-06-01

e Finite size scaling of the transition, L;=4,6,8,10
(Symanzik improved gauge, stout improved fermionic action)

Chiral susceptibilities: x=(T/V)82%logZ/dm?

first order transition = peak width « 1/V, peak height o« V

Cross over == peak width o« constant, peak height o« constant

I I T I H 1 { L) | N L) ) ’ ] 1 1 ) I ] ] ] ] I _
123x4 ] 3.5 - 168x6 7

16%x4 - Yk 2 3 20°%x8 1

4 ae 209%4 - pile 289x8 -
3 . 243%x4 - 3 - g o 36°%x6

K = ® i N E 2 .
L3 B ® 4 & 2.5 | } é -
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B ™ # 1. 1.5 | . =
a% 1 | | |“? - 1 1 | |‘J

3.2 3.3 3.4 3.5 3.5 3.6 3.7

g g

for aspect ratios 3—6 (an order of magnitude larger volumes)
volume independent scaling —= cross-over |



0¥1

e we need a continuum extrapolation (width, height)
calculate mQ[X(T#O)—x(T:O)] at the transition point

continuum limit: .,=4,6,8,10 (6,8,10 in the a? scaling régime)
40

W
o
T T T

( m2,/T2 )
AV
(@]
|

[y
o
I

i 1 1 ] I I ] ] l I [} () I 1
0 0.02 0.04 0.06
1/N2

continuum extrapolation is more than 10 sigma away for zero
continuum result with physical quark masses in staggered QCD

the QCD transition at u=0 is a cross-over

—= Condition for the critical point is fulfilled
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e T as a function of the baryonic chemical potential ug
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errors are only statistical (no continuum extrapolation)
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Results for QCD at large u
Z. Fodor, S.D. Katz, C. Schmidt, hep-lat/0510087

N; = 4 staggered QCD on 64, 863 lattices

170 T T T T T T I-

: T [MeV] multiparameter reweighting ~—m—
160 L DOS method, am=0.05 e~ |
"_._I“l‘l\.\.\ DOS method, am=0.03 +—e—

",
“n
150 |- S. ]
- %%%
CE Y )
140 - (é’%@%
I
130
120
110
100 E
Hq [MeV]
20

0 50 100 150 200 250 300 350 400

existence of a triple point around pg~ 300 MeV and T < 135 MeV
Note, L;=6 lattices: smallest T is 73 MeV (if m, fixes the scale)

Mass dependence checked:
small T" transition point does not depend on pion mass



- Fluctuations

V. Koch
Lawrence Berkeley National Laboratory

Baryon Number fluctuations are the most obvious observable for

the critical point . However, Baryon number conservation might make this
measurement difficult at low energies, since the correlation length as

well as corrections due to scattering in the hadronic phase might be as large
“as the system in rapidity space.

The measured K/pi ratio by NA49 is qualitativeley consistent with

spinodal breakup. However, it is not yet understood why the proton/pion
fluctuations are in agreement with UrQMD. A detailed study needs to address
this.

The physics case for a low energy run at RHIC is very convincing. And while
the experiments ramp up, theorist need to work on more practical observables

RBRC Workshop, March 9_10) 2006 . /home/vkoch/Documents/talks/bnl_03_06/proceed.odp



Something new: <BS> , <QS>

Independet quarks and (05
LATTICE QCD for T>1.1T ¢ Cos=— <S >
. .
g y
: d
v 1.25] f P #-0
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: - | = RS
Bound state E _ 2075
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QGP F:EN o @3
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Gavai,Gupta, hep-1at/0510044
V K, Majumder, Randrup PRL95:182301,2005 avai,Gupta, hep-1at/0310

RBRC Workshop, March 9-105 2006 /home/vkoch/Documents/talks/bnl_03_06/proceed.odp
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Spinodal ‘breakup

1
-quark-gluon

~170 L plasma /

MeV T

S decor i ed,
/}{// grit efric
hadron gas '
confined,

*-SB

color
superconductor
ol

[t, few times nuclear L
matier density

Spinodal decomposition:
egeneral phenomenon
*dynamical process
etypical “blob” size
e depends on details of interaction

RBRC Workshop, March 9-10, 2006

/home/vkoch/Documents/talks/bnl_03_06/proceed.odp
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Strangeness and spinodal breakup
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RBRC Workshop, March 9-10, 2006



“Charge” Fluctuations
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“Charge” fluctuations
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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 chemlcal nonequlhbrlum among hadrons.

1. MATTER—ANTIMATTER PRODUCTION MECHANISM

2. RISE OF STRANGENESS YIELD MOVES PHASE BOUNDARY
nyg=2+ ’VQCP

3. THEORETICAL INTERPRETATION OF THE NA49 ‘HORN’

4. PHYSICAL PROPERTIES OF THE FIREBALL

See also nucl-th/0504028, nucl-th /0511016 by J.Letessier and J.Rafelski

Supported by a grant from the U.S. Department of Energy, DE-FG02-0/ER{1318



J. Rafelski  Strangeness and Phase Changes in Relativistic Heavy Ion Collisions ~ QCD Critical Point BNL-9/10 March, 2006,page 2

[1. MATTER-ANTIMATTER PRODUCTION MECHANISM]

For the past 15 years experiments demonstrate symmetry of m, spectra of
strange baryons and antibaryons in baryon rich environment.

Interpretation: Common matter-antimatter particle formation 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

|Develop analysis tools viable in SUDDEN QGP

. . Ve
Proposed reaction mechanism: filamentary/fing

when in expan-
sion pressure reverses.

SUDDEN HADRONIZATION DOES NOT APPLY TO LOW /s

We only have evidence for sudden hadronization at reaction energies ABOVE
the horn. It is likely that at /s 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.

2. RAPID RISE OF STRANGENESS YIELD MOVES PHASE BOUNDARY|

Temperature of phase transition depends on available degrees of freedom
e For 0 flavor theory T > 200 MeV
e For 2 flavors: T' — 170 MeV more importantly 1st order turns into 2nd order

e For 241 flavors: T =162+ 3 and appearance of minimum up
we need extra quarks to reach a 1st order transition

e For 3, 4 flavors further drop in 7.

At low heavy ion reaction energy low value of v, and thus effectively 2 flavor
phase limit. This means we need a much greater up 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 i moves as function of m,.

150




A first look "at energy dependence
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» 7 3 the reaction energy dependence is the
é// 1 value of entropy (hadron multiplicity)
0.02 =+ .'HH{ T produced, this model calculation shows
1 L === that in QGP v, changes rapidly — dimin-
- 1 ishing with decreasing entropy and thus
% - . energy content.
0'5 1 | I ’ [} | ] I_
108 104 10%
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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 ~;,,

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

FOUR QUARKS: s,5,q,§ — FOUR CHEMICAL PARAMETERS

v; controls overall abundance Absolute chemical | HG production
of quark (i = ¢, s) pairs equilibrium (— =,

\; =eti/Tcontrols difference between | Relative chemical | HG exchange
( pr————————— )
strange and light quarks (i = ¢, s) | equilibrium (>————§)

See Physics Reports 1986 Koch, Miiller, JR

Boltzmann gas: = p[e)é{f}#,i)
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Fit particle yieldé at évéryl energy: WE DESCRIBE THE HORN 4

Allowing chemical nonequilibrium we see
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4. PHYSICAL PROP‘ERTIES OF THE FIREBALL
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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

s/b and s/S rise with energy and centrality E/s falls
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Statistical parameters
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[STRANGENESS, ENTROPY, THE HORN, AND QGP DISCOVERY)|

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,
QCD matter system exceptionally fine tuned.

. 0.25 (—
3. Full analysis of energy excitation functions and -
centrality dependence is now available
4. t o2
Structure between 20 and 30 E
GeV understood within chem- .
ical nonequilibrium model, o015f
same type of sudden behavior :

. . - 10 ' 100
change as is seen in centrality
Vg [GeV]
dependence.

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

o At low collision energy we find a high energy cost to produce strangeness,
and phase space under-saturated

6. At high energy and volume as expected if QGP fireball: strangeness nearly
equilibrated at hadronization. Overpopulates HG phase space.



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 Ve Drscover the QCD Critical Pomt at RHIC

- RIKEN BNL Research Center '%'orkshop

March §-10, 2008 s Brookhaven Nationel Laborat wry

Can we discover
the first-order phase transtion
at RHIC?

Jorgen Randrup
LBNL

1) Hadronic freeze-out: maximum baryon density

2) Phase coexistence region: how to get there?

BNL 9-10 March 2006



LST

[Randrup & Cleymans]
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u,l versus p, ¢

Temperature: T = 1/p ... are not order parameters:

p(u,T) is multi-valued

Chemical poténtials: Ug s Ug  Us
- .. do not obey conservation laws:

can change spontaneously

.. exist only in equilibrium

p(e,p) is single-valued
Charge densities: pg, Pq, Ps ... do obey conservation laws:

8, T =0, 8,5* =0

... always exist

=> are well suited for dynamics
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(

Contributors (so far):

3-fluid: Yuri Ivanov et al.
PHSD: Wolfgang Cassing et al.
QGSM: Viatchelav Toneev et al.

UrQMD: lonut Arsene, Larissa Bravina et al.

SU(3): Gebhard Zeeb & Detlef Zchiesche (adiabatic expansion)

... plus in contact with others (the more the merrier)

BNL 9-10 March 2006
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vl- & v2-Flow: BAROMETRY @ HiMu-RHIC
— pinning down the Order of the Phase Transition

Horst Stocker, FIAS Frankfurt Institute for Advanced Studies and ITP,

Barbara Betz Gebhard Zeeb
in Collaboration with: Marcus Bleicher Adrian Dumitru Kerstin Paech (now NSCL, MSU)
Hannah Petersen Dirk Rischke Stefan Schramm (also CSC, Frankfurt) Detlef Zschiesche
ITP Institute for Theoretical Physics, Frankfurt University
Elena Bratkovskaya (FIAS-Junior Fellow), Xianglei Zhu (FIGSS-Student, also Tsinghua Univ.)

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 v1 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

Time-Evolution UrQMD

-RHIC- 250 ‘ .
1;::;‘? 2Eem=1§ [erit s
evo ion avor lattice
in 200 i 4?4 ZTZ Karsch et al., QM'04] .
| F
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qune ase oundary
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UrQMD . [Fodor, Katz]

Bravina e i
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thermal O Pb+Ph, 160 AGeV * --——— chemical freezout

after AutAu, 21300 A GeV [Cleymans et al.]
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-Ideal Hadron Gas: mu-crit@S/A=13-18|
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D.Zschiesche, G.Zeeb, S.Schramm nucl-th/0602073
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°Huge Fluctuations in Energy-(Baryon-?) Density

Ae .1 A¢ _ 1 Paech, Dumitru, HST
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Collapse of proton flow at 40AGeV?
provides universal scaling
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> Flow v1=px/pt

Brachmann, Paech, Dumitru
8 AGeV, b=3fm, 1—Fluid Model
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- Diredded Flow
T b= 3.0fm
°hydro higher E: ~ Au+Au (11 AGeV), 3-Fluid-Model!

(with phase transition)
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°V1 proton 3DHydro: PROTONAnNti-Flow FAIR, Hi-muRHIC
Extrapol. Data: Anti-Flow@20-40A6eV: Hi-muRHIC DATA!
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- » Hi-mu Mach shock cones compress nuclei
-the case for asymmetric collisions
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Can We Discover the QCD Critical Point at RHIC?
Mareh 9 — 10, 2006, Physics Department, Bldg. 510

Workshop Agenda

Thursday, March 9

3:30-9:00

| Registration

Chair: T. Ludlam

9:00-9:10 Welcome T.Ludlam (10)
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9:50 — 10:25 Lattice results on the QCD critical point F.Karsch (30+5)
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Low energy electron cooling A. Fedotov (15+5)
9:30 —10:00 Energy dependence of temperature and baryochemical | K. Redlich (25+5)
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Additional RIKEN BNL Research Center Proceedings:
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Volume 63 — RHIC Spin Collaboration Meetings XXIV (May 21, 2004), XXV (May 27, 2004), XX VI (June
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Volume 27 — Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC Spin Physics
I — Towards Precision Spin Physics at RHIC — BNL-52596
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Volume 25 — RHIC Spin — BNL-52581
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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 —

BNL-66299

Volume 12 — Quarkonium Production in Relativistic Nuclear Collisions — BNL-52559
Volume 11 — Event Generator for RHIC Spin Physics — BNL-66116
Volume 10 — Physics of Polarimetry at RHIC — BNL-65926

Volume
Volume
Volume
Volume

Volume

Volume

Volume

Volume
Volume

9 — High Density Matter in AGS, SPS and RHIC Collisions — BNL-65762

8 — Fermion Frontiers in Vector Lattice Gauge Theories — BNL-65634

7 — RHIC Spin Physics — BNL-65615

6 — Quarks and Gluons in the Nucleon — BNL-65234

5 — Color Superconductivity, Instantons and Parity (Non?)-Conservation at High Baryon Density —
BNL-65105

4 — Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics ~BNL-
64912

3 — Hadron Spin-Flip at RHIC Energies — BNL-64724

2 — Perturbative QCD as a Probe of Hadron Structure — BNL-64723

1 — Open Standards for Cascade Models for RHIC — BNL-64722
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