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1. Introduction

One of the major goals of high energy heavy ion physics isxpteation of the phase diagram
of strongly interacting hot and dense matter. The explonatif this diagram is of fundamental
interest. It allows for exploring the properties of earlyirse a few microseconds after the Big
Bang, but also to understand the collective properties ofraAbelian gauge theory, Quantum
Chromo Dynamics (QCD), the theory of strong interactiomsl & explore the dynamics of color
confinement.

A schematic, theoretical phase diagram of QCD is shown inEiét high temperatures and /
or net baryon densities one expects, based on asymptaubding, that a gas of weakly interacting,
nearly massless quarks and gluons exists. A popular modhblso$tate was formulated in terms
of an ideal Bose-gas equation of state for gluons and an Eeahi gas of quarks, and a bag
constant was introduced to model confinement. This simpdenbadel incorporates a first order
confinement-deconfinement phase transition.

At the end of the line of the first order QCD phase transitiasyitical end point (CEP) is
supposed to exist, where the phase transition becomesaidecder. Locating and characteriz-
ing this point on the QCD phase diagram in a definitive manpatdcbe of a great significance: if
such a point exists, it separates a line of first order decemiemt/chiral symmetry restoration phase
transitions from a smooth cross-over region. Cross-oersition means that in a narrow temper-
ature and density region the degrees of freedom changelyuiok in a strict thermodynamical
sense, there are no phase transitions any more and in this rdifferent physical quantities are
extremal at different values of the temperature as discusgg in ref. [1].

2. Four Criteria for Definitive Measurements of a QCD Critical Point

Although the experimental identification of the QCD critiead point of the line of the first
order phase transitions is of great significance, this taglot an obvious one. Although it is not
shown in the illustration of Fig. 1, recent results sugg#sis more than one such critical points of
QCD are theoretically possible [2]. Alternatively, it isgmible that no critical point exists in QCD,
as discussed in ref. [3]: an empty phase diagram cannot lhedextat present.

Ref. [1] predictedlg = 164+ 2 MeV andug = 360+ 40 MeV for the location of the end point
of the line of first order QCD deconfinement phase transitiiasvever, the errors are statistical
only and different theoretical approximations yield diéfiet values for this location.

An alternative possibility is that a critical point in factists, but it it may be located in a re-
gion not accessible by experiments at CERN SPS or BNL RHIQvd¥er, an experimental search
for a critical point in heavy ion collisions is not a missianpossible: A power-law distribution
of intermediate mass fragments was found in intermediageggnin heavy ion reactions, and re-
lated to the critical point of a nuclear liquid-gas phasagi@on [4], [5]. This nuclear liquid-gas
critical point is also shown schematically in Fig. 1. Noteattchiral symmetry restoration and
deconfinement phase transition are in principle differemdl lof phase transitions, they may have
two different lines of first order phase transitions in theg, T) plane, that may have two different
critical end points, however their critical temperaturegyrhave two closely, dynamically related
values, which are numerically similar [6]. Note furthermapthat color confinement is a sound
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Figure 1: Schematic phase diagram of QCD based on ref. [7], reprodugetdref. [8]. Two critical points
are shown: at lower values of temperature, the nucleadigais phase transition line ends in a critical point,
while at higher temperatures the so called “QCD criticahpbis shown, as the end of the line of first order
deconfinement/chiral symmetry restoration phase tramsiti

property of all the observed hadronic states, which is rtgated on the schematic phase diagram
of Fig. 1, that allows for color deconfined stateg at T, temperatures, with thermally suppressed,
small but non-zero probability, due to the cross-over atlischamical potential.

For a definitive, quality search for the QCD critical poift(sthink that the following four
criteria have to be satisfied: we havéddentify, locate characterizeandcross-checlthe properties
of QCD Ciritical End Point(s), by answering the questiondined below.

Identify: What is the type of phase transition —is it chiral symmetstagation, or is it the phase
transition that leads to quark (de)confinement, or do theseoai different type of phase
transitions coincide a posteriori [6]?hat are the experimental order parameténat are
measurable not only in lattice QCD but also in laboratoryesixpents of heavy ion physics?
Do we find experimental indication for the creation of quarkc matter [9]?

Locate:How many critical points exist on the accessible part of thase diagram? At what
temperatures and net baryon densities is (are) the CER@eh - what are the values of
(Te, Ug)? How can we reach this(these) point(s), i.e. what kind disiohs, at what cen-
tralities and what/Syn produce critical phenomena?

Characterizein order to be able to relate the properties of a QCD Criticadl Point to other
critical points of statistical / solid state physics and gibgl chemistry, e.g. that of water, we
should characterize and quantify the QCD Critical End KEsjnising the standard language
of statistical mechanics. To make such comparisons pessild should attempt to measure
the critical exponents, and the universality class of thé@€tical point(s).
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Cross-check and controHow significant is the determination of the critical expotseand the
universality class? Can we measure more than the minimalhgssary two critical expo-
nents? Do the additional critical exponents satisfy thestramts given by the general theory
of second order phase transitions, as discussed in reflfi@]eharacteristic power-law be-
havior is found experimentally, we should cross-check i thehaviour is really due to a
QCD CEP, or due to e.g. anomalous diffusion [10], fractalcdtires or other effects.

3. Four possible forms of QCD Phase Transitions and their caelation signatures

For simplicity, let us consider the case when the chiral sgtnynrestoration and the decon-
finement phase transitions coincide [6]. Let us then conswleat kind of the deconfinement/re-
confinement type of phase transitions are logically possilsl a heavy ion collision, confinement
can be realized either in a thermal equilibrium or in a noaddgrium manner. Thermal equi-
librium states may pass, as a function of time, through adifhphase transitions or through a
cross-over region. Phase transitions can be either wigmtdteat (first order phase transitions)
or without latent heat (second order phase transitionsiyis Tée obtain four possibilities and four
different kind of characteristic correlation signaturese ref. [11] for detalils.

i) (Strong) first order phase transitionSeveral groups calculated the Bose-Einstein or HBT
correlation function from hydrodynamical models assunarfiyst order phase transition in equi-
librium, with a significant amount of latent heat. This iseetked in long life-times and large widths
of the time distribution of particle production. The copesading picture is that of a slowly burning
cylinder of QGP [12]. This physics is sighaledRs;: > Rsige, regardless of the exact details of the
calculation [13, 14, 15, 16, 17, 12]. Experimental4,: =~ Rsige both at CERN SPS [18, 19] and
at RHIC [20, 21, 22]. Thus a slowly burning, predominantlpddudinally expanding QGP “log"
is excluded by correlation measurement&#B reactions both at CERN/SPS and at RHIC. Three
alternatives remain: either a second order or a cross-a\&non-equilibrium phase transition.

i) A second order deconfinement phase transiéiod its signature in Bose-Einstein/HBT cor-
relations was discussed recently in ref. [23]. Such secoderg@hase transitions are characterized
by critical exponents. One of these, traditionally dendigd), characterizes the tail of the spatial
correlations of the order parameter. This exponent was stowe measurable with the help of the
two-particle correlation function [23], where it was shoalso thaty = a, wherea stands for the
Lévy index of stability of the correlation function itselfe.,C(q) = 1+ A exg—(gR)?]. The ex-
citation function of theshape parametesr has unfortunately not yet been studied experimentally,
although such a measurement may lead to the experimentalvdiy of the location of the QCD
Critical Point at the minimum of this exponent.

i) Cross-over transitionsAccording to recent lattice QCD calculations, if the tengtere is
increased at zero, or nearly zero chemical potentials, riresition from confined to deconfined
matter is a cross-over [24], and various observables yiferent estimates for the critical tem-
perature itself: the peak of the renormalized chiral susioéity predicts T.=151(3) MeV, whereas
critical temperatures based on the strange quark numbeeifslity, and Polyakov loops, result
in values higher than this by 24) MeV and 2%4) MeV, respectively. This scenario can be sig-
naled by emission of hadrons from a region above the criteraperatureT > T, or, by finding
deconfined quarks or gluons at temperatures T.. Indeed, emission of hadrons from a small but
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superheated region, with> T, ~ 176+ 7 MeV [25, 26], has been suggested by Buda-Lund hydro
model fits to single particle spectra and two-pion HBT radlifiu+Au collisions at RHIC [27].

iv) A non-equilibrium transition: hadron flash from a supmoted QGP In relativistic heavy
ion collisions at CERN SPS and at RHIC the expansion timéesaae~ 10 fm/c, which are short
as compared to the 100 fmfE nucleation times of hadronic bubbles in a first order phasesttion
from a QGP to a hadron gas. Ref. [28] suggested, that a rapigignding QGP fluid might strongly
supercool in Au+Au collisions at RHIC and then rehadroniaddenly while emitting particles
in a flash. Such a sudden recombination from quarks to hadrandeen considered at CERN
SPS energies as well, as the mechanism for hadron formatitreiALCOR model [29]. Other
realizations of sudden hadron formation and freeze-ouewsed to explain the observed scaling
properties of elliptic flow [30] with the number of constintequarks. Ref. [28] suggested that
the comparable magnitude Bfy: ~ Rsige = Riong Could be a signature of a non-equilibrium flash
of hadrons (pion-flash) from a deeply supercooled QGP pl28elNote, that the thermodynamic
considerations in [28] also allow, that from a supercool&R super-heated hadron gas is formed
in about 50 % of the parameter space. The calculations af28f27], even currently, are not in
a clear disagreement with RHIC data on Au+Au collisions ljwiite possible exception of an in-
mediumn’ mass modification signal reported in ref. [31]). There aheptmore exotic possibilities
for new phases, like color superconducting quark matteguarkyonic matter, but these are not
discussed here as we focus on the search for the QCD cribaal p

4. Locating the Critical Point by Critical Opalescence

Before we attempt to locate and characterize a criticaltpoi@QCD, it can be useful to con-
sider, how a critical point is located in a more conventiosetnario, for example in statistical
physics and in chemical experiments on second order phassittons involving ordinary gases
and fluids. The presentation in this section follows the tfieef. [8], where the above point of
view lead the present author to a new, experimental defin@fapacity in high energy heavy ion
physics, hereafter referred to as “optical opacity".

Critical opalescence is apparently a smoking gun signatiigesecond order phase transition
in statitical physics and physical chemistry. Fig. 2 intksathat a laser beam shining through a
test tube becomes more and more scattered and the fluid becoaxémally opaque at the critical
point, where density fluctuations are present on all posdémgthscales, including that of the
wave-lenght of the penetrating beam.

In optics, opacityk is defined as the rate of absorption or extinction, at whighibensityl
of a beam of radiation is absorbed or scattered per unitrdistalong a ray of propagation:

ol

=
More generally the opacity may depend on the wavelength (or momentum) of the radiatisn,
well as on the density, temperature and composition of théiune For example, air has nearly
zero opacity for visible light, and for radio waves, but iisnost completely opaque for gamma
and X rays, and in most of the infrared part of the spectrune Sdtution of the above differential
equation for constant values of opacity is

| =lgexp(—kX) = lpexp(—Xx/A). 4.2

—KI 4.1)
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side view:

Figure 2: Critical opalescence is a smoking gun signature of a secahel @hase transition in statitical
physics and physical chemistry. A laser beam shining tHnaugest tube becomes more and more scattered
and the fluid becomes more and more opaque, as the critiaatl ip@pproached. These pictures are snap-
shots from a video of ref. [32]. See also ref. [8] for theirtfiliscussion in the context of search for a QCD
critical point.

In chemistry, this relation is also observed and known a8#er-Lambert law, but it also appears
in describing the change of intensity of an energgtizeam passing through a lead target - sim-
ply if opacity k is momentum and position independent, then the intensitadiftion decreases
exponentially while it penetrates certain materials.

In the above equatioh = 1/k is the so called attenuation length or penetration depfinet
as the distance where the detected radiatiafter passing through a material of widthfalls to
1/e ~ 36.7% of its incoming intensityy. Thus a quantitative signature of critical opalescence is
a minimum of the attenuation leng#h or a maximum of opacitx on many wavelengths simul-
taneously. Measuring opacity as a function of pressure amgerature, the critical point can be
located on the phase diagram.

Let us follow ref. [8] in rewriting the defining relation of tpal opacity in a manner that has
a straightforward application to heavy ion physics. In lyeiam physics, the nuclear modification
factor Raa can be defined as

_ I(transmitted I (measured |

R = I(generateyl I (expected o’ (4.3)

where the measured yield is defined as

1 d’Naa
| (measurefl= —— ————, (4.4)
(measure = N dydn
while for point-like processes like production of high tsgarse momentum jets the generated rate
is the same yield measured in proton-proton reactions cdegledy (Ngoii), the number of binary

initial nucleon-nucleon collisions, given by a Glauber rabchlculation:

(Ncorr) d2UNN
oNN dydp

inel

| (expected =

(4.5)

It is important to note that in high energy heavy ion reaciamthep; > 4 GeV kinematic
range we are measuring not tiny absorbtions, but quite fesgni values, so the thickness of the
absorber or the fraction of the absorbed intensity cannobhsidered small, £ Raa ~ 0.8. Hence
we have to solve eq. (4.2) to get a more precise definitionpikgein mind the interpretation
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of the nuclear absorbtion factor &a = | /lp. The nuclear modification factd®aa includes a
mixture of hot and cold nuclear matter effects, its most agpeshortcoming is that it measures the
change in intensity but does not specify the distance ovézhathe change of the yield happened.
Opacity as defined in optics, on the other hand, comparesataef change of intensities per unit
distance. Thus a proper opacity definition should includé lttoe nuclear modification factor and
the characteristic length scale of the attenuation.

A possible approach was proposed in ref. [8] to measure ivesasizes utilizing Gaussian and
Lévy fits to two-particle Bose-Einstein correlation fuloets. These radii are frequently referred
to as Hanbury Brown - Twiss or HBT radii to honor the two radstranomers, who invented a
similar technique for photons to measure the angular demnoétmain sequence stars.

It is well known that the size of nuclei change on the averag8l4&, which in a collision
would then be modified to an averalgéé?t dependence. PHENIX published the freeze-out volume
(more precisely, the size of the region of homogeneity) airghd pion emission in 200 GeV
Au+Au collisions using Bose-Einstein or HBT techniques dsirection of centrality [34]. The
Gaussian HBT radii were found to scale Rs= pg + pler)é'ft, where pg ~ 0.83+0.25 fm and
p1 =~ 0.54+0.05 fm andi = (long, out, side) stands for the three principal directiavith respect
to the beam and the mean transverse momentum of the paicleNote that ref. [34] fitted the
centrality dependence of each HBT radius components deparaut in the different directions
these radii were found, within one standard deviation, wehhe same values [34]. Thus their
average value was quoted above. The corresponding HBT wohstwell as the initial volume
scales WithNgé‘:’t, i.e. a posteriori the initial static volume and the dynaatiycgenerated HBT
source sizes are proportional. Expansion effects maydaot® absolute calibration errors on the
opacityk that is difficult to control. However, the relative error dretcentrality dependence of the
opacitiesk and in particular its minimum or maximum structure is noeaféd by these expansion
effects, as both the initial and the final volumes scale priaptal to N2,

Using an average value of the HBT radiusRagt = (Rout + Rside+ Riong) /3 and the nuclear
modification factors of neutral pions measured by PHENIXaswossible to evaluate the opacity
and the attenuation lengths iffsyn = 200 GeV Au+Au collisions, as a function of centrality.
For arbitrary thickness and nuclear modification factog dptical opacity (and its inverse, the
attenuation length) was determined [8] as

_In(Ran) A= Rust
RugT In(Raa)

A simple test of such opacity measurement was reported if@efThe results are shown in
Table 1. One finds that changing centrality from 0-5 % to 50%6Q@he opacity is decreased sub-
stantially, by about a factor of 2 (agteffect). Thus nearly half of the increased nuclear supjess
originates from the increased opacity of the hot and densmgly interacting matter created in
more central collisions, while the rest arises due to areemed volume of matter produced in these
collisions.

The attenuation lengths-s vary as a function of centrality in the range of 3-8 fm, feutral
pions with p, = 4.75 GeVl/c, periferal events correspond to less stopping arge lattenuation
lengths while for central collisions the attenuation letsgthecrease, and the matter becomes more
and more opague.

(4.6)
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A similar approach to opacity determination is to consttamrelevant length-scales by mea-
suringRaa relative to the reaction plane of the collision, as has beeantly reported by PHENIX
in ref. [33]. In this paper, nuclear modification factors @/giotted as a function of distances calcu-
lated from hard sphere or from RMS approximations, and aomptial like suppression pattern,
just like the form of eq. (4.2) was observed. However, therathtion lengths and optical opaci-
ties were not evaluated from the available information in[&8]. In this approach, one does not
provide a direct measurement of the spatial scales, insteadelies on simple theoretical models
of the initial geometry, and the relevant lengthscales satuated in a hard sphere or in an rms
approximation. In fact, the distance that is covered by fratieg probes in the medium is not a
static distance, but a length scale of the dynamical, expgreburce that is covered by the jets
during their punch through.

Centrality 0-5 % 20-30%  30-40%  40-50%  50-60 %
Opacityk (fm~3)  0.35+0.04 0.27+ 0.03 0.26+ 0.04 0.12+0.02 0.15+ 0.05
AttenuationA (fm) 2.9+0.3 37404 3.8+06 81+15 65+20

Table 1: Examples of opacities and attenuation lengtis= 1/« in ,/Syv = 200 GeV Au+Au reactions,
evaluated from nuclear modification factors measureg at 4.75 GeV/c in ref. [35] and HBT radii mea-
sured in ref. [34], averaged over all directions and cha@melinations, measured in the same centrality
class aRaa.

5. Cross-checks

In Table 1, optical opacities and nuclear attenuation lemgtere calculated from measured
centrality dependent nuclear modification factors and H&lius parameters. In this section, some
cross-checks are presented.

A simple cross-check was to use the measured nuclear maidifidactor of the transverse
momentum integrate®aa(p; > 5GeV) from ref. [33] and the HBT radiRygt from ref. [34],
both measured as a function of the number of participantghitncase, the dependence of the
HBT radii on the number of participant was parameterizedh&itinear dependence in ref. [34]
asRypT = po+ plNéé‘:’t. Using eq. (4.6), the nuclear attenuation lengths in 200 GeVYAu
collisions were evaluated and plotted as a function of nurobparticipants in Fig. 3. This figure
is consistent with Table 1, that was obtained from directsuesments of HBT radii and nuclear
modification factors at a fixegy = 4.75 GeV. Fig. 3 also indicates that the nuclear attenuation
length is the smallest in most central collisions, and itgyeain these collisions is about 3 to 9 fm,
depending on the centrality.

Optical opacity can also be evaluated from the reactionepkamgle dependent nuclear sup-
pression factor measurements of PHENIX [33] and the cooredipg Glauber calculations of the
relevant length scalk, that corresponds to the lengthscale of the nuclear gegritethe given
direction. Fig. 4 indicates an approximate scaling lawhéd huclear attenuation lengthscales are
similar, but transverse momenta or centralities are differthe measured optical opacitiesare
within errors similar. This also indicates, that opacitisracterize a local property of the hot
and dense matter. It is interesting to contrast this scdéingto theL dependence of the nuclear
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Attenuation Lengths Calculated from 200 GeV Au+Au PHENIX Data
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from nucl-ex/0903.4886v1 and nucl-ex/0401003 :--w--
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Figure 3: Attenuation length in 200 GeV Au+Au collisions as a functmfmumber of participants, evalu-

ated from PHENIX transverse momentum integrated nuclealifination factorRaa(pt > 5GeV) and num-

ber of participant dependent HBT radii%;g7 measurements, using the formiast = 0.83+ O.54Néé§t.

modification factors (Fig. 22 of ref. [33]), that change witbntrality and transverse momentum
even if the initial nuclear geometry tris similar.

It is also interesting to compare the results of Fig. 3 andd-ighe nuclear attenuation length,
evaluated from PHENIX reaction plane angle dependent auslgppression factor measurements
and Glauber calculations is compared with attenuationhielegaluated from PHENIXy, inte-
gratedRaa measurement combined with lenght-scale estimates frornehtality dependence of
PHENIX HBT data,Rqgt = po+ plN[(,é/,f’). Note that the two scaling laws coincide if the nuclear
attenuation lenght is plotted as a functiorRpfsT — po or as a function oL, as indicated in Fig. 5.

6. Summary and Outlook

| argued that for a definitive experimental program to digcav QCD critical point, it is not
sufficient to locate only such a point on the baryochemic&mital vs temperature ¢pg, T) plane,
but we also should measure at least two of its critical exptm@nd determine the universality class
of such a CEP.

Even if we do not find a such a CEP, but instead we can find a lifiesborder phase transi-
tions using strong interactins, | believe that the expenit@leprogram should be quantitative, and
determine the speed of sound, the latent heat, the crigogbérature and pressure of such a phase
transition.

Note that this program is not a mission impossible, althcamhe authors expressed an oppo-
site opinion — sometimes in no uncertain terms. In his CPO®2alk, Rajagopal suggested, that
critical exponents will not/need not be measured in highrggnbeavy ion physics [36]:Since the
correlation length cannot be larger than 2-3 fm, heavy iopegkments can never be used to mea-



Critical Opalescence

Optical Opacities Calculated from 200 GeV Au+Au PHENIX Data
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Figure 4: Optical opacity, evaluated from PHENIX reaction plane andépendent nuclear suppression
factor measurements and Glauber calculations of the nreiésagth scalé..

Attenuation lengths calculated from 200 GeV Au+Au PHENIX data
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Figure 5: Attenuation length, evaluated from PHENIX reaction plangla dependent nuclear suppres-
sion factor measurements and Glauber calculations and a@uhpvith attenuation lenght evaluated from
PHENIX pt integratedraa measurement combined with lenght-scale estimates frorneh#rality depen-
dence of PHENIX HBT dataRqst = po+ plNé,é/rf’). Note that the two scaling laws coincide if the latter is
plotted as a function dRqsT — Po.
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sure the critical exponents of the 2nd order critical poifibhat's OK: we know that (its univerality
class) is (that of the 3d) Ising (model). What we don’t knod ae need experiments for, is whére
is located."With all due respect to Rajagopal, | disagree with his opinand would like to encour-
age my experimentalist colleagues to determine the drigéicponents as well as the universality
class of the QCD CEP, because without the measurement &f tuasitities a definitive search for
the critical points cannot be realized, and the results @aha compared with similar measure-
ments of other, well understood critical points, e.g. tHawater. My arguments for experimental
determination of the propertied of the QCD CEP are basedafottowing observations:

1. In physics, theoretical predictions are compared to ix@stal results, as a matter of basic
principle. Only from a comparision with data it becomes jaesto select the best of com-
peting models/theories, and new predictions are testedsigeew measurements to refine
them further. The existence of theoretical predictionshggics does not imply the lack of
need for an experimental determination of key physical tjties, for example, the value of
the critical exponents of the Critical Point of QCD.

2. In the theory of critical phenomena, there are static amsachic universality classes, and
models that belong to the same static universality class lmeéyng to different dynamical
universality classes [38]. For QCD, the static univergatiass is predicted to be that of
the 3d Ising model [39], while the dynamic universality slas predicted to be different,
corresponding to that of the liquid-gas phase transiti@j.[4

3. In a heavy ion collisions, violent initial dynamics magate random fields that in fact may
modify the critical dynamics as well. The presence of randiehds is known to modify the
universality class and the critical exponents of the 3dglsitodel, for example the critical
exponent of the correlation function increases dramdyi¢edm the value of 003+ 0.01 to
0.50+ 0.05 if the universality class of the 3d Ising model is changethtat of the random
field 3d Ising model, see e.g. ref. [8] for more details.

4. It has been demonstrated experimentally that anothtcatrphenomena, namely nuclear
multifragmentation can be studied in p+Xe collisions at E, < 20 GeV measuring the
inclusive production of light fragment83 < Z; < 17), ref. [4]. From a measurement of
intermediate mass fragment production in heavy ion colisiwith 1 A GeV beam ener-
gies of Au, La, and K, the critical exponents of the nucléguitl-gas phase transition were
extracted at these relatively low energies. The resultsveltl for a discrimination among
various universality classes, see Table | of ref. [5]. If théversality class and the critical
exponents can be determined reasonably well in these lowiptitity heavy ion and proton
induced reactions at relatively moderate energies, artidcom distributions that have less
than 2 orders of magnitude vertical range, then even betasarements should be possi-
ble in the RHIC low energy scan and in the SPS future heavy rogram, because these
measurements span already several orders of magnitudeal/sdales e.g. in the transverse
momentum distributions, and simply because the numberazfymed particles is substan-
tially larger than that of the nuclear fragments.
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5. I'would also like to draw attention to the presentation.®f Mitchell [37] where he reported
on a search for a QCD Critical Point at RHIC using various olmdes that were already
published or are in a preliminary data status, which inclae#=NIX preliminary results for
observables that become critical exponents at the CEP/flmatuose they can be measured
at other points of the phase diagram, too. Using the prgsawndlilable PHENIX/RHIC data
set, no significant indication for the existence of a QCDicealtpoint was seen. Further
searches are in progress in STAR and PHENIX, in the forthngr®HIC low energy scan
program.

Based on these arguments, the experimental identificddication, characterization and cross-
checking of the properties of a QCD critical point is appéyeaxperimentally possible and scien-
tifically desirable.

7. Summary and conclusions

Critical opalescence is a smoking gun signature of a CliRcint. In QCD, optical opacity is
a function of nuclear modification fact®aa and the distance covered by the attenuated jet in the
medium, which is proportional to the initial nuclear geometfor exampIeNgéft. A lengthscale
with such a known centrality dependence is measured by smopy, with HBT correlation tech-
niques, calledRygt. The combination of the nuclear modification factor withfsaclength scale
can be used to measure optical opaeitgr nuclear attenuation length. Azimuthally sensitive
nuclear modification factor and HBT radius measurementsvadlirectional dependent studies of
spatial dimensions, that add valuable information to dioeal dependenRaa measurements.

By measuring the critical exponents of the correlation fiomcand the correlation length with
methods discussed below, a first estimate of the universadiss of the QCD critical point can be

given.

1. Search for critical opalescence, i.e. looking for the imaxn of opacity, or the minimum of
attenuation length, as a function of centrality, bombaydinergy and size of the colliding
nuclei in a broad, high transverse momentum range.

2. Search for a non-monotonous behaviour of the correlddingth as a function of colliding
energy and centrality (related to critical exponer)t from multiplicity fluctuation mea-
surement and fits of Negative Binomial Distributions to nplitity distributions in limited
rapidity intervals. This method can locate experimenttily critical end point (CEP) of the
line of 1st order phase transitions, if such a CEP exists.

3. Search a minimum of the exponent of the correlation fongt), as a function of colliding
energy and centrality, using Lévy fits to the Bose-EinsteiBT) correlation function.

4. Determine the chemical freeze-out temperailiren an event-by-event basis for an event
selection that corresponds to the maximum of opacity. Clieekvarious observables (heat
capacity, correlation length) indeed indicate a powerdelavior as a function df=|T —
Te|/Te simultaneously.
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5. The correlation length can be determined from the miditgl distribution using the nega-
tive binomial distribution, and the exponent of the cortielalengthv can be obtained from
event-by-event determination bbththe correlation length and the chemical freeze-out tem-
peraturer .

6. Determine the critical exponents for at least two obd#esm recommended exponents are
n andv. Use theoretical relations to determine the remainindcatitexponents, so that
all the six critical exponents be given, providing the ursadity class of the QCD critical
point. The critical exponent of the correlation functigns defined in the momentum-space,
and the power-law shape of the correlation function showasip function of the relative
momentum of particle pairs and not as a function of the reditemperaturé, which requires
an event-by-event analysis. Hence this critical exponeistrelatively easy to measure.

7. Cross-check the result by measuring additional criggalbnents and cross-check these mea-
surements with constraints obtained from the theory of sg¢@yder phase transitions. For
example, determining the exponent of the heat capacisgems to be straight-forward, as
the heat capacity is measured by the event-by-event fluotsabf the chemical freeze-out
temperature.

Although it is an extremely challenging task, that some magneconsider as mission impos-
sible, the above items indicate that we realistically maate the critical point and also to estimate
at least two of the critical exponents, hence the univdysalass of the QCD Ciritical End Point.
These measurements will be possible in the low energy samrgm at RHIC, in a future CERN
SPS heavy ion program and also utilizing the upcoming FALRifg
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