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Quantum Chrom o D ynam ics (Q CD ), the theory of strong interactions, predicts a transition of the usualm atter to a new
phase of m atter, called Q uark-G uon Plasna (QGP), at su ciently high tem peratures. T he non-perturbative technigue of
de ning a theory on a space-tin e lattice has been used to obtain this and other predictions about the nature of Q GP. H eavy
jon collisions at the Large Hadron Collider in CERN can potentially test these predictions and thereby test our theoretical
understanding of con nem ent. T his brief review ain s at providing a glin pse of both these aspects 0cfQGP.

1. Introduction

T here are tw o very com m only quoted m otivations for
the upcom ing Large Hadron Collider (LHC ) at CERN
in G eneva, the center of attraction for the articles in
this volum e. Perhaps the prin ary one isthat LHC will
provide us a key to understand the origin of the visble
m ass of our Universe. This alludes to that fact that
our standard m odel(SM ) of particle Interactions has to
start w ith m atter In the form of m assless quarks and
leptons. The fam ous H iggs m echanism [[1] of sponta—
neous breaking of gauge sym m etries providesm asses to
them ,and the carriersoftheweak force,namely W ,Z .
LHC is widely expected to discover the H iggs boson
which is tied with this m echanism . The other m oti-
vation rests on the fact that the standard m odel has
been well understood due to the m any in pressive pre—
cision tests carried out in m any experim ents, including
those at the Large E lectron Positron (LEP) at CERN
and the Tevatron at the Ferm ilab in the U SA .H ow ever,
new physics beyond the standard m odel (BSM ) has to
exist [[2]since SM containsm any, at least 19, arbitrary
param etersand thuscannotbe the naltheory. Indeed,
it is even hoped that LHC m ay provide us not only a
glim pse of the BSM physics, but it w i1l hopefully also
explain the origin of them ass of the dark m atter in the
U niverse.

W hile these m otivations are largely correct, there
are certain oversin pli cations In them , leading to a
few m isconceptions, especially in the popular m edia.
F irst of all, even if the expected H iggs particle is actu—
ally discovered, the origin of them ass of up/dow n (u=d)
quarks can be clain ed to be understood only after it
is also established that the H iggs particle couples to
them with a strength of 10° , not an easily achiev—
able goal at LHC . Indeed, one may as well need an
electron-positron collider to establish this in the post-

LHC era. M oreover, the protons and neutrons, which
m ake up m ost of the visblem ass in our U niverse, have
each a much larger, alm ost a factor of 100 larger, m ass
than the sum of the m asses of their constituent u=d
quarks. Therefore, the understanding of the visble
m ass of the Universe will em erge from the e orts to

gure out w hy protons/neutrons have such large bind—
ing energies. Starting from m olecules to atom s and
nuclei, we are accustom ed to the idea that the inter—
actions w hich bind the respective constituents give rise
to binding energies m uch an aller, less than even a per
cent. This has given rise to the very successful dea
of treating these interactions perturbatively as an ex—
pansion in the strength of the Interaction. Aswe shall
see below , one needs new suitable techniques to nvesti-
gate these large binding energies, in Q uantum Chrom o
D ynam ics (Q CD ), the theory of interactions of quarks
w ith gluons, the carriers of the strong force.

Asmay be seen from the articles in this volum e it-
self, 0 CD is an integralpart of our standard m odel of
particle and their interactions. From various experi-
m ents in the past, it is well known that quarks carry
both avour quantum num bers such as, electric charge
or strangeness, as well as colour: they transform as a
triplet under the colour SU (3) group. A s in the case
of electric charge, the colour charge is also m ediated
by m assless vector particles, gluons. Structurally, the
theory of quark-gluon interactions, QCD , looks very
sim ilar to that of electron-photon interactions, QED .
A key di erence though is that there are eight gluons
which them selves carry colour charge, transform ing as
an octet under SU (3)-colour group. C onsequently, gli—
onscan interact am ongst them selves. Furthem ore, the
QED coupling is rather am all at the scales we probe,
being 1/137,whereas the sn allest m easured QCD cou—
pling, s,isabout0.12.In fact,m ore often, one has to
dealwith 5= 03 orsoand itis > 1 in the bound
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states lke proton or neutron. QCD exhibits a much
richer structure and a variety of phenom ena as a result
of this arge . Quark con nem ent and dynam ical
chiral sym m etry breaking can be nam ed as typical ex—
am ples. A lack of observation of quarks in experin ents
led to the hypothesis that quarks are perm anently con—
ned in the hadrons, ie, protons or pions w hereas the
lightness of pions com pared to protons is expected to
be understood as the phenom enon of dynam icalbreak-
ing of the chiralsym m etry by the vacuum . QCD asthe
theory of strong interactions has to explain these phe-
nomena. Since, QCD is too com plex, sin ple m odels
based on underlying sym m etries are often em ployed to
account for its non-perturbative aspects. Indeed, m ost,
if not all, of the \precision tests" are either perform ed
experin entally only at sm all coupling, s, correspond-—
ing to rather rare events, or em ploy the sinple QCD -
based m odels. The latter are in m any cases possible
weak links in the precision tests of the standard m odel
: physics beyond standard m odelm ay even show up
in non-perturbative QCD beyond these models. W e
need to look for it and rule out such a m undane pos—
sibility for BSM physics in order to be sure that other
exotic possibilities are indeed worth looking for. T hus,
non-perturbative technigues are needed for real preci-
sion tests of QCD . A s a glaring exam ple, et m e m en—
tion that the easiest precise m easuram ent at LHC will
perhaps be the total proton-proton cross section at 14
TeV . The current best theoretical prediction for it is
[[3] ™t = 125 25 mb ! As explied in [3], one
uses the socalled R egge M odels to arrive at it, and one
such m odelcan even explain the currently observed Q *—
variation of the structure function ofproton,F, ,aswell.
Recall that a key comerstone for establishing QCD as
the theory of strong interaction is this Q ? variation.

W hile obtaining a reliable prediction for the above
cross section from QCD still seem s far away, a non—
perturbative technigue does exist today to obtain other
quantities, such as the decay constants or the weak
m atrix elem ents, from QCD using rst principles, and
these could still provide non-perturbative precision
tests of the standard m odel. QCD de ned on a space-
tin e lattice is such a tool. Not only does it explain
m any of the above m entioned phenom ena but it pro-
vides quantitative estin ates of m any physical observ—
ables. Furthem ore, the sam e technigues of lattice
QCD lead to spectacular predictions for the behaviour
ofm atter under extrem e conditions. T hus, lattice Q CD
predicts the existence of a new phase, called Q uark—
Gluon Plasma (QGP) at su ciently high tem perature,
and a phase transition of the strongly interacting m at—
ter of protons, neutrons and pions to the new phase
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QGP at high enough tem perature. The dynam ically
broken chiral symm etry of QCD at low tem peratures
in our world is expected to be restored in the QGP
phase, m elting”’ away the constituent m ass of the light
quarks acquired due to interactions.

O ur Universe ought to have existed in such a phase
a few m icroseconds after the B ig Bang, and about 20
m icroseconds later the phase transition to the nom al
hadrons like protons, neutrons and pions ought to have
taken place in it. W hether there are any in prints of
this phase transition on the astronom ical ob fcts ob—
served today depends on the nature of the phase transi-
tion. T here have been speculationsof starsw ith strange
m atter, consisting of neutralbaryonsm ade from an up,
down and a strange quark each. Sim ilarly attem pts
have been m ade to study the in uence of such a phase
transition on the B ig Bang N ucleosynthesis. M ore ex—
citingly, the Large Hadron Collider (LHC) itself will
provide us w ith an opportunity to create these Early
Universelike conditions of high energy densities, or
equivalently high tem perature, in the Iaboratory in its
proposed heavy ion collisions of Lead on Lead at 5.5
TeV colliding energy. Heavy ion collisions at relativis—
tically high energy have had an illustrious past, and
even m ore In pactfil present. Early such experin ents
were m ade at the SPS collider n CERN , G eneva at a
colliding energy of 17 G €V per nuckon in the center
ofm ass (an ) fram e. T he relativistic heavy ion collider
(RHIC ) has been operative n BNL, New York, since
a last few years and has produced heavy ion collision
data for a variety of ions, D euteriim (D ), C opper(Cu),
and Gold (Au),ata spectrum of energies, 62{200 G &V
pernucleon In the an fram e. Experin entsat LHC will
thus see a further Jmp in the colliding energy by a
factor of about 30. Tt is hoped that this will o er us
cleanest environm ent yet for investigating the physics
of quark-gluon plasn a.

In this short review , we shall attem pt to provide a
glin pse ofhow lattice QCD leadsto Q GP and predicts
m any of its properties as well as those of the corre-
sponding phase transition and how the heavy ion colli-
sion experin ents am azingly provide us an opportunity
to produce QG P in a aboratory, ncluding the expec—
tations of what wem ay observe at LHC .

2. Q0GP from Lattice QCD

In order to understand and appreciate the funda-
m ental in portance of attem pts to discover QGP at
the LHC, let us rst review the basics of lJattice QCD
and w hy it facilitates a truly reliable treatm ent of non—
perturbative physics. In the process, we shall also see
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w hy essentially the sam e tested technigue for obtaining,
say, the hadron m asses, com es into play for predicting
new phases or phase transitions.

2.J. Basic Lattice QCD
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Figure 1. Quark and glion eldson a spacetin e lat-
tice.

Lattice eld theory is de ned by discretizing the
space-tin e. The (inverse of the) lattice spacing a acts
as the ultraviolet cuto needed to tam e the diver-
gences In a quantum eld theory. O ne places the anti-
commuting quark elds (x),and (x) on lattice sites
whereas the gluon elds reside on the links, as shown
in Figure[ll. A directed link from site x in the posi-
tive direction * is associated with the guon ed U, ,
while the link to the sitex  * in the opposite direction
isU, .. A gauge transform ation Vy; 2 SU (3) rotates
the quark eld in the colour space : x) = Vy (X).
D em anding that the gluon eld at the link x In thedi-
rection ©,U (x), change to U%(x) = V,U (x)VXfA , en—
sures that the (discrete) kinetic energy term of quarks
rem ains nvariant under such a gauge transform ation.
C onstructing gauge actions from closed W ilson loopsof
the links, ke eg., the sm allest square loop, called pla—
quette and displayed in Figure[d, ensures their gauge
nvariance.

It tums out that a straightforward discretization of
thedervative,given by la @ (x)= (x+a”) (x
a”)], can bem ade gauge invariant as shown in the Fig—
ure[dl, where the links end on respective quark eks
at the sites. Thus a sum over all independent term s of
both types shown in Figure[l] yields the Q CD action on
the lattice. H owever, it leads to the so-called Ferm ion
D oubling problem : each lattice ferm on corresponds

to 2¢ = 16 avours in the contihhuum lim it ofa ! 0.
Various lattice Ferm Jon actions, referred to as the Stag—
gered,W ilson,Dom ain W allor O verlap Ferm ions, have
been proposed to alleviate this problem . In view of
their sim plicity and an exact chiral sym m etry even on
the lattice, the staggered Ferm jons have dom inated the
eld of interest for this article, nam ely lattice QCD at
nite tem perature and density. Brie y, these are sin—
gle com ponent G rasam ann variables on each site, w ith
the -m atricesreplaced by suitably de ned sign factors.
They haveaU (1) U (1) chiralsymm etry and 4 avours
In continuum lin it. An oftdiscussed problem of the
staggered Ferm ions, though, is that two or three light
avoursare not sin ple to de ne, and the currently used
m ethodsm ay m issout on in portant physics aspects re-
lated to anom alies. Tt is often argued that for the buk
therm odynam ic properties these issues are lkely to be
unin portant.
T ypically, for any lattice com putation one needs to

evaluate the expectation value of an observable ,

R
DDU exp( Sg) (m y)DetM (mg)

hm,)i= ; (1)

DU exp( Sg)DetM (mg)

whereM istheD racm atrix in x, colour, spin, avour
space for sea quarks ofmassm g, Sg is the gluonic ac-
tion, and the observable mgy contain ferm ion prop-—
agatorsofmassm . Sg 6 tUpuq=9;,wih g the
bare coupling and Up1.q the product links along a pla—
quette as shown in Figure[dl. Am ongst them any m eth—
ods of evaluation of eq.{), num erical sin ulations stand
out due to the ability to achieve the goal of rem oving
the Jattice sca oding, ie., taking the continuum lim it
a ! 0. Usihg the two-loop -function, it is easy to
show that

M _ 1
M a=— (k) P e 0% (14 0(F) ; 2)

de nesthewayamassscalesM  a on the lattice changes
as the bare coupling gy (= 6= ) is changed. Here Iy
and by are the universal coe cients of the -function.
T ypically, one needs larger and larger lattice sizes as
a ! 0 In order to keep physicalvolim e xed.

Num erically, the h 1 is com puted by averaging over
a setofcon gurationsfU (x)gwhich occurw ith proba—
bility / exp( &) DetM . Thusthem ain problem isto
generate the ensam bles of such con gurationsw ith the
desired probability distribution. Com plexity of evalu—
ation of Det M has lead to various levels of approxi-
m ations in the process of generation of con gurations:
the quenched approxin ation consists of sea quark m ass,
mg= 1 Im it whereas the fiill theory should have low
sea quark masses: m, = mq with a m oderately heavy



strange quark. T he com puter tin e required to obtain
results at the sam e precision increases as the sea quark
m ass is lowered.

2.2. Som e R esults from Lattice QCD
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Figure 2. Com parison of experin ental hadron spectra
w ith lattice results [[4]].

A variety ofqualitative and quantitative results have
been obtained using the lattice technigues. Tt will be
both in practicaland unnecessary to review allof them
here. H ow ever, in order to appreciate the pow er of these
technigues, we lin it ourselves to providing a glin pse
of them for the staggered femm ions; sin ilar, som etin es
better in quality/precision, results have been obtained
with the W ilson ferm ions as well. Figure[d shows |
[4] the results of the M ILC and HPQCD collaborations
for the Iight as well as heavy hadrons obtained with
light sea quarks. Using the pion and kaon m asses to

x the scales of the corresponding quark m asses, m ost
other particle m asses are found to be in good agree—
ment with the expermm ent. Furthem ore, the sponta-
neous breaking of the chiralsym m etry hasbeen dem on—
strated by m any groups since the early days of the lat-
tice Q CD , show ing a non-vanishing chiral condensate,
h 16 0. M oreover, the godstone nature of the pion
has also been veri ed by checking thatm 2 / m, . Fig—
ure [3 displays a com parison [[5] of the lattice deter—
m nation of the strong coupling, sM 3z ), with other
perturbative determ inations from experim ental data.
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F igure 3. Various determ fnations of 4. From [[5].

W hile these results verify that Q CD is indeed the cor-
rect theory of the strong interactions, and the lattice

technigue is the m ost reliable quantitative tool to ex—
tract its non-perturbative properties, m aking new pre—
dictions for the experin ents isw here the realchallenges

and excitem ent lies. It is very heartening to note that

the decay constants of pseudo-scalarm esons containing

a heavy quark were rst obtained using lattice tech-

nigues: f. = 201 3 17Me&Vandf, = 249 3 16
M &V [[6]. These have since been m easured experi-
mentally to be f,. = 223 16 7 MeV [7]and

fp, =283 17 14Mev [B] in excellent agreem ent

w ith the lattice Q CD predictions.

2.3. Lattice QCD at N onzero Tem perature and
D ensity

Investigations of QCD under extrem e conditions,
such as high tem peratures and/or densities, provide a
solid platform for itsm ost spectacular non-perturbative
tests. Since the results from hadron spectroscopy x
thequark m assesaswellasthescale ¢gcp , these tests
are even com pletely free of any arbitrary param eters.
Based on sinple models, which buid in the crucial
properties of con nem ent or chiral symm etry break—
ing and allow asym ptotically for the free quark gluon
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gas, one expects phase transitions to new phases such
the Quark-G uon Plasm a or the colour superconduc—
tors. As we shall see In the next section, the exper-
In ental possibilities of creating the required tem pera-
ture, and thus the new Q GP phase, exist In the heavy
jon collisions at high energies n BNL, New York and
CERN ,G eneva. Considering the scale of the entire ex—
perin ental enterprise, both in m an—years invested and
money spent, it seam s absolitely necessary to have a
better theoretical foundation for these results com pared
to m erely relying on sin ple m odels. Fortunately, one
can use the canonicalEuclidean eld theory form alism
for equilbbrium therm odynam ics to look for the new
phases, and the phase transitions in ab initio calcu-
lations from the underlying eld theory,ie., QCD . In—
deed, propertiesofthe Q G P phase can be predicted the-
oretically using the lattice Q CD approach, and tested
in the experin entsatBNL and CERN .Asa rstprinci-
ples based and param eter—free approach, Lattice QCD
isan dealreliable toolto establish the Q CD phasedia-
gram and the propertiesofitsm any phases. W hilem ost
otherbasic features of the Jattice form alisn required for
such an exercise rem ain the sam e as in section 2.1, a
key di erence for sin ulations at nite tem perature is
the need of an N7 N lattice with the spatial lat-
tice size, N g N, the tam poral lattice size for the
therm odynam ic lin it of V = Ng,fa3 ! 1 . The tem per-
ature T = 1=(N¢ a) provides the scale to de ne the
continuum 1im it : F ixing the transition tem perature in
physical (M €V ) units and using eg. (2), the continuum
Iin it is obtained by sending N ! 1 .

The lattice Q CD approach has provided inform ation
on the transition tem perature, the order of the phase
transition, and the equation of state of Q CD m atter.
O ne exploits the sym m etries of the theory to construct
order param eters w hich are then studied as a function
of tam perature to ook for phase transitions, if any.
QCD hastwo di erent sym m etries in opposite lin its of
thequarkmassm 4. ForN¢ avoursofm asslessquarks,
QCD hasSU (N¢) SU (N¢) chiralsymm etry while for
mg! 1 ,ithasaglobalZ (3) symm etry. Such symm e-
tries usually In ply zero expectation valies for observ—
ables which transform nontrivially under it unless the
symm etry is broken spontaneously due to dynam ical
reasons and the vacuum transform s nontrivially under
it. Lattice technigues enabled us to establish that the
chiral symm etry is broken spontaneously at low tem —
peratures, as indicated by its non-vanishing order pa—
ram eter, the chiral condensate h i 6 0. TIts abrupt
restoration to zero at high tem perature w illbe a signal
of a chiral sym m etry restoring phase transition. Since
the chiral condensate can be regarded as an e ective

m ass of a quark, arising due to Q CD interactions, the
chiral transition can be interpreted as therm al e ects
fn elting’ thism ass. Sin ilarly, the globalZ (3) symm e~
try breaking can be shown to be equivalent to a sihgle
quark having a nite free energy, ie., the existence of
a free quark. A nonzero expectation value for its or-
der param eter, the Polyakov loop ML i, is the a signal
for decon nem ent. O f course, In our workd with two
light and one m oderately heavy avours, neither sym —
m etry is exact but these order param etersm ay stillact
as beacons for transitions, depending on how m idly or
strongly broken they are.

24. Results from Lattice QCD at T & 0.

T he transition tem perature T, can be determm ined by
locating the point of discontinuity or sudden change in
the order param eter as a function of the tem perature
(or other extemal param eter such as density). Since
num erical results are necessarily obtained on nite lat-
tices, there is an nevitable rounding which m akes the
determ nation of T, a little tricky. A lot of work has
been done on this question in the statisticalm echanics
area and standard nite size scaling techniques exist to
pin down T, aswellas the order of the transition. Since
the early days, num erical sin ulations of Jattice QCD
have progressively tried to approach the realworld of
light quarksw ith vanishing e ects from the lattice cut-
o0 . The e orts began from the quenched approxin a—
tion, ie., QCD w ithout dynam ical quarks, where the
decon nem ent order param eter hl. i on sm allN -attices
wasused to establish a rst order decon nem ent phase
transition. Later Q CD w ith three orm ore Iight dynam —
ical quarks was also shown to have a rst order chiral
transition. R ecent work on sinulations for QCD w ith
a realistic quark spectrum seem s [|9]to rule outa st
order chiral transition or a second order transition w ith
the expected O (4 )-exponents,but suggestsa rapid cross
over. D etermm ination of T., now the point of sharpest
change, is even m ore tricky as a result. The current
range for it can be sum m arized to be 170190 M &V . A
valie on the low erend of the rangewasobtained [[10]by
using larger N (—lattices w hile a value at the upper end
was obtained [l11l]] using Im proved action but an aller
N (. There are other technical di erences, such as the
physicalobservable used to set the scale oflatticeQCD ,
aswell. Since the energy density is proportionalto T 4,
the current uncertainty In the value of T, translates to
a 60% di erence in the corresponding energy density
estin ates at T.. In view of the trem endous iIn pact it
has on the requirem ents of heavy lon collision experi-
m ents, it is hoped that a narrow ing of the range takes
place as a result of future lattice QCD work.
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Figure 4. Energy density and Pressure from lattice
QCD .Taken from [[12].

Q uantities of therm odynam ic interest such as the en—
ergy density, or the pressure or various quark num ber
susceptibilities can be obtained by using the canonical
relations from statisticalm echanics. T hus,

T @°IZ

B = — ; etc: (3)

T2 @nz
- -
\ @ B VT

\ @T
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Early results In the quenched QCD showed the exis-
tence ofa Q G P phasew hich hasenergy density ofabout
85 % ofthe corresponding dealgas. T he progress since
then has been In em ploying large N+ and inclusion of
light quark loops. Figure[d displays recent results from
such e orts. Obtained on two di erent lattice sizes,
Nt = 4 and 6 with nearly realistic u;d and s m asses,
these results also exhibit sin ilar kind of, 15% ,devi-
ations from the idealgas and do seem to hint towards
the lJattice cuto e ects to be small . The spatial vol-
um es are perhaps not large enough to ensure that the
themm odynam ic lim it is reached. However, this ques—
tion is lkely be addressed in near future soon. The
results also suggest at m ost a continuous transition or
even a rapid cross over;a strong rst order phase tran—
sition assum ed/constructed In m any phenom enological
m odels seam s clearly ruled out. This has in plications
for the hydrodynam icalm odels used to analyse the ex—
perin ental data: possible m ixed state of quark-glion
plasm a and hadronic gas m ust be short lived, if at all
it exists.

From a theoretical perspective Investigation of equa—
tion of state o ers hints of developing analytic or sem i-
analytic approaches. T hus conform al invariant theories
are known to yield a variety of predictions for the ther—
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Figure 5. Entropy density s (in units of ideal gas en—
tropy sg) as a function of "t Hooft coupling. From [
131.

m odynam ic quantities using the fam ousAdS-CFT cor-
respondence. F igure[d show san attem pt to confront the
entropy density [113] for the quenched QCD in tem s
of the entropy of the deal gas w ith the prediction of
N = 4SYM [l14]. T he agreem ent is In pressive, consid—
ering the di erences of the underlying theories. O n the
other hand, it is really in the stronger coupling region
that it is not as good. M oreover, resum m ed weak cou—
pling perturbation theory approaches seem to perform
equally well at the low er couplings. Figurel[d show s the
results [|13] for the equation of state to highlight how
conform al Q CD really is. The ellipses denote 66% er—
ror bounds on them easured EO S. T he wedges piercing
the ellipses have average slope cg , the speed of sound
and the opening halfangle of these w edges indicate the
error in cﬁ . Confom al invariance is indeed violated sig—
ni cantly in the region close to the transition, w ith least
violation at the sam e tem peratureswhere in AdS-CFEFT
prediction does well in Figure[d.

V iscosities of the quark-glion plasn a, both the shear
() and buk ( ), can also be detem ined using the
lattice approach although unlke the equation of state
these determ inations need extra ansatze som e of w hich
are not universally accepted. Kubo's linear response
theory lays down the fram ework to obtain such trans—
port coe cients from certain equilbbrium correlation
functions. In particular, one obtains correlation func-
tions of energy-m om entum tensor using the lattice ap—
proach above. T hese are, of course, de ned at discrete
M atsubara frequencies. R ecall that the sin ulations at
T ¢ 0 need lattices with i) periodic boundary condi-
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Figure 6. Equation of State for (quenched) lattice
QCD .Taken from [[13].

tions and ii) an allN ¢ com pared to N ¢ . T he correlation
function isthusde ned at few discrete pointsonly. O ne
then continues it analytically to get the socalled re—
tarded propagators n real tim e from which the the
and are obtained in the zero frequency lim it. Fig-
ure[d show s the results [[15] in the quenched approxi-
m ation. Close to T, rather sm all values are obtained
for the ratio of to the entropy density s. These are
seen to be consistent w ith the fam ous bound [[16] from
AdSCFT.As shown in the Figure, perturbation the-
ory suggests rather large values for this ratio. These
results have since been re ned [[17] and m ade m ore
precise but the general picture rem ains the sam e, as
do the various theoretical uncertainties which plague
these determm inations. Larger lattices and inclusion of
dynam ical quarks w ill surely reduce som e of these In
near future. W hat is needed though for a m ore con—
vincing dem onstration of the fact the shear viscosity is
Indeed as an allashinted by the experin entaldata (see
the next section) is a better controlover the systam atic
errors In the analytic continuation.
Analogous to the baryon num ber susceptibility, de-

ned in eg. (@), various quark num ber susceptibilities
can be de ned by taking derivatives w ith the appro-
priate chem ical potential. These determ ine the uc-
tuations in the given conserved quantum num ber, say,
strangeness. It hasbeen argued [[18]that under certain
assum ptions, testable experim entally, the strange sus—
ceptibbility can be related to the W roblew skiparam eter

s extracted from the data of heavy ion collisions. In—
terestingly, lJattice Q CD com putation in both quenched
approxin ation and fullQCD yieda <(Tc)’ 04 05,

-
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Figure 7. Ratio of shear viscosity to entropy in

(quenched) QCD vs. tem perature. Taken from [[15].

w hereas various experin ental results [[19] lead to a
valie 047 0:04. Taking derivativesw ith two di erent
chem ical potentials in eq. (3)), one obtains o -diagonal
susceptibilities. T hese have the nform ation on avour
correlations. Such a baryon-strangeness [[20] or electric
charge-strangeness [[18] correlation has been proposed
as a signature for dentifying the nature of the high
tam perature phase as that of the quark-gluon phase.

15
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®
Ly me e e
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O
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0.5¢ i
X=B
0.25} i

0 . . .
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Figure 8. Baryon-Strangeness and E lctric charge-

Strangeness correlation vs. tam perature [[18].

F igure[d show s the Jattice results or Q CD with 2 light
dynam ical quarks for both these correlations. They
have been so nomm alized that a value unity, as seen In



m ost of the high tem perature phase in Figure[d, char-
acterises the existence of quark degrees of freedom w ith
the appropriately fractional baryon num ber or charge.
It has been shown that the correlation in the low tem -
perature phase are consistent w ith the hadronic degrees
of freedom . Indeed, any lack of the expected transition
should lead to much m ider tem perature dependence
as well as a value di erent from unity for these cor-
relation functions. Being ratios of the quark num ber
susceptibilities, these correlations are robust, both the-
oretically and experin entally. System atic errors due to
lattice cuto ordynam ical quark m asses are therefore
very am allas are the system atic errors from experin en—
tal sources.

15+ 1
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TIT,
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H

Figure 9. D ebye radii for cham onia vs. tem perature|
211.

D ebye screening of coloured heavy quarks in the de—
con ned phase had long been recognised [[23]as a pos—
sible signal of form ation of quark-gluon plasm a, de-
tectable In the suppression of heavy quarkonia in the
heavy ion collisions. In view of the im pressive data
from CERN at lower SPS energlies, and the expec-
tations from the upcom ing LHC experin ents, a crit-
ical assesan ent of the original theoretical argum ent
seam s prudent. Lattice QCD has contributed hand-
som ely In nite tem perature investigations of both the
heavy quark-antiguark potential, which can be used
in the Schrodinger equation to look for the m elting of
heavy quarkonia, and directly in the spectral function
at nite tem perature. Figure[d displays the results [
[21]] for the screening radii estin ated from the inverse
non-perturbative D ebye mass mp in quenched (open
squares) and full ( led squares) QCD . Forr < Iy edr
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Figure 10. Spectral function of . and J= . From [
22)].

them edium e ects are suppressed, leading to the sam e
heavy quark potential as at T = 0. The horizontal
lines correspond to the m ean squared charge radii of
J= , . and Ocham onia, and are thus the averaged
Separations r entering the e ective potential in poten-—
tial m odel calculations. Figure [d therefore suggests
that the . and O states would m elt jist above the
transition while J= m ay need higher tem peratures to
be s0 a ected. D irect spectral function calculations
[122] provide a strong support for such a qualitative
picture. Such com putations have been m ade feasible
by the recognition of the m axinum entropy m ethod
M EM ) technique as a tool to extract spectral func—
tions from the tem poral correlators com puted on the
Euclidean lattice. However, as In the case of shear vis-
cosity above, the data for such tem poralcorrelatorsare
sparse,m aking the extraction m ore ofan art. N everthe-
less, large lattices, 48°  12to 64 24 havebeen used in
this case to avoid such criticiam s. F igure[IQ show s typ—
icalresults for the J= and . mesons in the quenched
approxin ation. T he vertical error bars denote the pos—
sible uncertaintieson the area under the peak asde ned
by the horizontal error bar. The peaks In both spec—
tral functions appear to persist up to 225 T, ie., have
nonzero area w ithin the com puted errorband, and are
goneby 3T, unlke the . which hasno peak already by
1.1 T.. Further technical in proveam ents, such as the in-
clusion of light dynam ical quarksare clearly desirable.
A nother Im portant issue is that of the huge w iddths of
the peak com pared to their known zero tem perature
values. If real, they could hint at rather loosely bound
states which could be dissociated by them al scatter-
ings.
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2.5.QCD Phase D iagram

T he quark-gluon plasn a phase and the correspond-—
ing quark-hadron transition which we discussed so far
is a special case of the conditions that could be created
in the heavy ion collisions. Indeed, the lattice QCD
therm odynam ics that we considered was for the case
of zero net baryon density and an alm ost baryon-free
region can be produced In the heavy ion collisions in
the socalled central rapidity region, as we explain in
the next section. It also pervaded our Universe a few
m icroseconds after the B ig Bang. In general, of course,
one should expect hot regions w ith som e baryon num —
ber since the colliding nuclei them selves carry substan—
tial baryon num ber. M assive stars could also have re-
gions of huge baryon densities in the core which could
even be at rather low team peratures. It is natural to
ask what these generalized extrem e conditions lead us
to. One could have new phases, and di erent natures
of phase transitions w hich m ay even have astrophysical
consequences. The vast research area of QCD phase
diagram in the plane of tem perature T and the bary—
onic chem icalpotential y dealsw ith these and several
other interesting issues. W hile the current theoretical
expectations suggest such physics at nontrivial baryon
densities to be better accessible to the colliders at low er
energles, such at the RHIC in New York or the forth—
com ing FA IR facility at G SI, D am stadt, we feel that
the physicsm ay be interesting In its own right to be in—
cluded in this article dedicated to LHC ; w ith som e uck
LHC expermn entsm ay have In portant contributions to
this area aswell.

Usihg sinple e ective QCD models, such as the
N am bu-Jana Lashio m odel at nite tem perature and
densities [[24], several speculations have been m ade
about how the QCD phase diagram in the T- 5 plane
should be. At asym ptotically high densities, one ex-—
pects quarks to be e ectively free, and therefore to ex—
hibit various colour superconducting phases [[28]. Tn
the lim it of large num ber of coloursN . forquarks, ithas
also been argued that a \quarkyonic" phase m ay exist
[[26] at Iow enough tem peratures. A crucial question,
egpecially in the context of either the m assive stars, or
heavy ion collisions, is the quantitative reliability of the
predicted regions in the T— 5 space. A ftematively, it
is unclear how low can the asym ptotic predictions be
trusted . N evertheless, m ost m odel considerations seem
to converge [[25]on the dea of the existence ofa critical
point in the T — 3 plane for the realistic case of 2 light

avours (m , = m 4) ofdynam icalquarksw ith a m oder—

ately heavy strange quark. E stablishing it theoretically
and/or experin entally would have huge profound con—
sequences In our (non-perturbative) understanding of

QCD.
E xtending the lattice approach to thecaseofQCD at

nite density has tumed out to be a challenging task at
both conceptualand com putational level. In principl,
it really is straightforward. O ne just has to add a tem

gNg = g o tem to the ferm ionic part of the
action, hence the Diracm atrix M , in eq.(). I order
to elin inate certain spurious divergences, even in the
free case, som e care is needed [|27]and the na ve form
above has to bem odi ed. A big conceptualblock has,
however, tumed up In form of our inability to de ne
exact chiral invariance in the presence of the chem i~
calpotential [[28)] : both the O verlap and the D om ain
W all ferm ions lose their exact chiral invariance for any
nonzero . The staggered ferm ions do preserve the chi-
ralinvariance fornonzero . Furthem ore,they are sim -
pler to handle num erically. A gain m ost of the num erical
work has therefore em ployed the staggered ferm ions, al-
though they are plagued w ith the di culties of precise
de nition of avour and spin asm entioned earlier. Tn—
deed, the existence of the critical point depends [[25]
crucially on how m any avours of light quarks the the-
ory has. Proceading none the less w ith the staggered
quarks,another tough problem arisesin form ofthe fact
that theDetM ( 6 0) in eq. (1) is com plex whereas
the num ericalm ethods of evaluation, em ployed to ob—
tain the results in the sections above, work only if the
determ inant ispositive de nite. T his isakin to the sign
problem wellknown to the statistical physicists and is
largely unsolved in its full generality.

1.1 . T T T
1l
£ 0.9} 30Gev ]
Ll 20 GeV 10 GeV
| 18 GeV (CE
0.8}
Freezeout curve
0.7 i 2 3 4

Figure 11. QCD Phasediagram for 2 light avoursof
quarks. T he circles [[29,[31]]and the square [[32]denote
the Iocation of the critical point on lattices w ith 1=4T

and 1=6T cuto s respectively. Taken from [[31]], where
m ore details can be found.
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A bold breakthrough was achieved [|129]by applying
the m ethod of reweighting in the vicinity of the nite
tem perature transition at = 0. A urry of activ-
ity saw m any new m ethods em erge [|130], such as ana—
Iytic continuation of com putations at In aginary chem -
ical potential and Taylor series expansions of the free
energy. These have been em ployed to get a glin pse
of whether a critical point does exist, and if yes, what
its Iocation may be. The eld is really in its infancy
and unfortunately at present no consensus am ongst the
results obtained so far has emerged. Figure [11] ex-
hibits the results obtained for the critical point for the
case of two avours of light quarks w ith a pion m ass
m =m = 031 001, compared to 018 in the real
world. The results [129,[31]] denoted by circles in the
Fiure[ll are for a lattice cuto a = 1=4T whereas
the square [132] denotes the rst attem pt towards the
continuum lin it by lowering a to 1=6T . Large nite
volum es have been observed. T he shift in the location
of the open circle in the Figure[II was shown[[31]] to
be due to the use of a 10 tim es larger volum e than the
open circle [|29]. In order to be brief, we prefer to close
this section by noting that di erent results have been
clain ed in the literature for larger pion m asses and for
a di erent num ber of avours. It is hoped that a clear
and sold picture w ill em erge in the near future.

3. R elativistic H eavy-Ton C ollisions

Atenergiesofa few GeV /N toa faw 10’sofGev /N,
colliding nuclei tend to stop each other thereby form —
ing a dense, baryon—¥ich matter. At higher ener-
gies, they nearly pass through each other form ing a
dense, nearly baryon—num ber-free m atter In the m id-
rapidity region. This is evident In the shapes of ra—
pidity distrbbutions (AN =dy vs y) of the net proton
(ie., proton antiproton) production observed at var-
Jous beam energies. T his apparent transparency of nu-
clearm atter at ultra-relativistic energies can be under-
stood In the spacetim e picture of the collision, pro-
posed by B jprken [I33,134].

3.1. B Jorken P icture

Consider, for sim plicity, a central (ie., head-on or
zero In pact param eter) collision of two dentical spher-
icalnucleiin theirCM fram e. C oordinate axes are cho—
sen such that the two nucleiapproach each other along
the z-axis and collide at the origin at tine t= 0. Deep
inelastic scattering experim ents have revealed the par-
ton structure of hadrons: In the proton, eg., the va—
lence quark distribbutions xuy (x); xdy (x) peak around
X 02 and vanish asx ! 0=1. (x is the B jorken scal-
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ing variable.) The gluon and sea quark distributions,
Xg(x); XUg (x); xds (x), on the other hand, shoot up as
x ! 0. These num erous low-m om entum partons are
called wee partons. A s a result of the Lorentz contrac-
tion, the ongitudinal (ie., parallel to the beam axis)
spread of the valence quark wave function is reduced to

2R= whereR isthenuclarradiisand itsLorentz
factor. H owever, no m atter how high the beam energy
(or ), the incom ing nuclei always have iIn them wee
partons w ith typicalm om enta p ocp ,and hence
Iongitudinalspread 1 fm [33]. T he wee partons pre-
vent the nucleus from shrinking below 1 fn in the
z-direction. If 2R= < 1 fn, they ply an m portant
role in the collision dynam ics.

A's a result of the collision of two nucli, or rather
two clouds of wee partons, a highly excited m atter
with a large num ber of virtual quanta is created in
the m dwrapidiy region. (In the m odem parlance one
talks about coherent \glasm a" form ed by a collision
of two sheets of \colour glass condensates (CGC)" [
359].) Heremhafter we discuss only the m dxrapidity re-
gion. The virtual quanta need a nite tine ( gec) t©
decochere and tum into real quarks and gluons. Here

dec refers to the rest fram e of an iIndividualparton. In
the overallCM fram e, the relevant tine is g due to
the tin edilation, being the Lorentz factor of the par-
ton. Tt isnow clear that \slow " partonsdecohere earlier
and hence near the origin, than the \fast" ones which
am erge later at points farther away from the origin.
(T his is known as the Inside-outside cascade.) In other
words, the lJargex part of each nuclear wave function
continues to m ove along its light-cone tra jctory leav—
ing the sm allx part behind. Thus, In the lin it of high
beam energy, the tin e dilation e ect causes the near
transparency of nuclei, referred to earlier.

F igure[lZ show s this schem atically in 1+ 1 din ension
for sin plicity. Tg)ue curves are hyperbolas of constant
propertine = £ Z.Allpointson a given hyper—
bola are at the sam e stage of evolution. In particular,
let the hyperbola labelled ‘1’ refer to «c - Parton
at z undergoes decoherence at tine t = jec + z2,
T he larger the z, the larger the tim e t and higher the
parton velocity v, = z=t [I34].

If the partons thus form ed interact am ongst them —
selves a multiple number of tines, the system ap-
proaches local them al equilbrium . T hem alization
tine & (> dec) Is estim ated to be of the order of
1fm.

Figure[12 indicates a possble scenario. 1;::;5 are
the hyperbolas w ith proper tines ;;:::; 5.
t= 0= z : the Instant of collision
0< < 1 :fom ation of quark-gluon m atter
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1 < < 5 : (local) equilibration of quark-gluon
m atter, ie., form ation ofQ G P

2 < < 3 :hydrodynam ic evolution of QG P
(partonic EO S)

= 3 : hadronization

3 < < 4 :hydrodynam ic evolution (hadronic EO S)

4 < < 5 :transgport theoretic evolution of hadrons

: freezeout

: freestream ing to detectors

0

= 5
> 5

projectile target

Figure 12. Spacetin e picture of an ultra-relativistic
nucleusnucleus collision n 1+ 1 D for sim plicity

T he above is a rather sin ple-m inded picture: in real-
ity, there are no such \water-tight com partm ents". T he
fram ew ork ofhydrodynam ics isapplicable, ifatall,only
when the system is at or near (local) them al equilib—
rium . Ifthem atter form ed In ultrarelativistic heavy-ion
collisions is fully therm alized, one m ay use the fram e-
work of relativistic deal uid dynam ics to study its
evolution. If it is only partially them alized, one could
use relativistic dissipative uid dynam ics. In any case,
the covariant transport theory provides a m ore general
fram ew ork for this purpose.

B prken [|34] presented the follow Ing form ula to es-
tin ate the energy density attained in the m drapidity
region:

1 dEg

— ; (4)
R? ¢ dy ly-o0

where R is the nuclear radius, ¢ 1 fm /c is the for—
mation tihe of QGP,and Er is the transverse energy.
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Tt isclearthat even ifQ G P is form ed, its lifetim e w i1l
be of the orderofa few fm /cor O (10 23 ) seconds, and
w hat experim entalists detect in their detectors are not
quarks or gluons, but the standard hadrons, lptons,
photons, etc. It isa highly nontrivialtask to deduce the
form ation of Q GP from the properties of the detected
particles. T his is analogous to the situation in coam ol
ogy where one tries to deduce the inform ation on the
early epochs after the B ig Bang by studying the cosn ic
m icrow ave background radiation and its anisotropy.

A ctually the analogy between the B ig Bang and the
\Little Bang" is quite striking. In both the cases the
initial conditions are not accurately known, but there
are plhusbl scenarios. In the form er case, there is
in ation occurring at 103% sec, with the in aton
energy converting into m atter and radiation, leading to
a them al era. In the latter case, one talks about a
highly excited but coherent glasm a converting, on the
tinescaleof 102* sec, into quarksand gluonsw hich
may them alize to form QGP. In both the cases the
\ reball" expands, cools, and undergoes one or m ore
(phase) transitions. D ecoupling or freezeout follow s |
of photons in the form er case and of hadrons in the lat-
ter. T he unknow n initial conditions are param eterized
and one tries to learm about them by working one’sway
backw ards, starting w ith the detected particles. Aswe
shall see shortly, the anisotropy of the detected parti-
cles plays a crucial role In the diagnostics of the Little
Bang too.

De nition: The STAR collaboration at RHIC has
de ned the QG P as \a (locally) them ally equilibrated
state of m atter in which quarks and gluons are decon—

ned from hadrons, so that colour degrees of freedom

becom e m anifest over nuclkar, rather than m erely nu—
cleonic, volum es" [|36]]. The two essential Ingredients
of this de nition are (a) local equilbration of m atter,
and (b) decon nem ent of colour over nuclear volum es.
R ecent clain s of the discovery of QGP at RHIC [I37]
w ere based on tw o observationsw hich, forthe rsttime,
provided a good evidence that each ofthese tw o require—
m ents has been ful lled. W e discuss them one by one
in the next two subsections (3.2, 3.3). That will be
follow ed by brief descriptions of a few other signals of
QOGP In subsections 3.4, 3.5.

3.2. Anisotropic F low

Consider now a non-central (or non-zero in pact pa—
ram eter) collision of two identical (spherical) nuclei
travelling In opposite directions. Choose x;y axes as
shown in Fig. [I3. The collision or beam axis is per-
pendicular to the plne of the gure. Length of the
line AB connecting the centres of the two nuclei is the
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In pact param eterb. P lane xy isthe azim uthalor trans—
verse plane. Plane xz is the reaction plane. Tt is de-
term ined by the In pact param eter vector b and the
collision axis. (Obviously the reaction plane cannot
be de ned for a central collision.) = tan * (p,=px)
is the azin uthal angle of an outgoing particle. The
aln ond-shaped shaded area is the overlap zone. Tn a
real experin ent, Fig. [I4, the x;y axes need not coin-
cide w ith the lab—- xed X ;Y axes. Indeed the reaction
plane subtends an arbitrary angle r with the X axis.

r Vardes from event to event. It is a priori unknown
and special experin ental techniques are needed for its
determ nation.

Target Projectile
T P

® ©

Figure 13. N on-central collision

= X

Figure 14. Non-centralcollision. XY are lab— xed axes.

T he triple di erential invariant distribution of parti-
cles em itted in the nal state of a heavy-ion collision
is a periodic even function of , and can be Fourier
decom posed as

&N &’N
dp  prdprdyd N 4
d’N b

1
= S a2 1+ 2v, cos(n ) ;

pr dpr dy .
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where y is the rapidity and is m easured with re-
spect to the reaction plane. The leading term in the
square brackets in the above expression represents the
azin uthally symm etric radial ow. v; is called the di-
rected ow and vy the elliptic ow. v, hcos(n )i is
actually a function of pr and y. Here the average is
taken w ith a weight equal to the triple di erentialdis-
tribution of particles in the (pr ;y) bin under consider—
ation. v, can also bewritten as (¢  g)=(; + ©7) -
For a central collision the distrdbution is azin uthally
isotropic and hence v, = 0 forn = 1;2;::. In other
words, only the radial ow survives.

M easurem ent of the radial ow: Radial ow gives a
radially outward kick to the em erging hadrons thereby
depleting the low or population and m aking their pr
spectra atter. The heavier the hadron, the stronger
the mom entum kick it receives. By m easuring the
slopes of the pr spectra of various hadrons, the radial

ow velocity can be extracted. At RH IC it tums out
to be a sizeable fraction (  50% ) of the speed of light.
Thus the ow is com pressible.

M easurem ent of the anisotropic ow v, : There are
several m ethods. (a) The m ost ocbvious one is based
on the de nition v, hcosn ( r )1 where both
and gy arem easured w ith respect to a lab— xed fram e
of reference. T his, how ever, requires the know ledge of

r which varies from event to event and is not easy to
determm ine. (b) Two-particle correlation m ethod: T his
gives vr21 = hcosn( 1 5)i, where ; and , are az—
In uthalangles of tw o outgoing particles. T hism ethod
has an advantage that the reaction plane need not be
known. However, v, isdeterm ined only up to the sign.
T here are several other m ethods such as the cum ulant
m ethod [I38], m ixed-ham onic m ethod [[39], LeeYang
zeroes m ethod [140/], etc. For a recent review , see [141/].

Im portance of the anisotropic ow v, : Consider a
non-central collision, Fig. [I3. Thus the initial state is
characterized by a spatial anisotropy In the azin uthal
plane. C onsider particles in the aln ond-shaped overlap
zone. Their initial m om enta are predom inantly longi-
tudinal. Transverse m om enta, if any, are distributed
isotropically. Hence v, (nitial) = 0. Now if these
particles do not interact with each other, the nal
(azin uthal) distribbution too will be isotropic. Hence
vn ( nal)= 0.

On the other hand, if these particles interact w ith
each other a m ultiple num ber of tin es, then the (local)
them al equilibbrium is likely to be reached. O nce that
happens, the system can be described In term s of ther—
m odynam ic quantities such as tem perature, pressure,
etc. T he spatial anisotropy of the aln ond-shaped over—
lap zone ensures anisotropic pressure gradients in the
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transverse plane. This leads to a nal state character—
ized by a mom entum anisotropy in the pxp, plne or
equivalen to an anisotropic distrbution of particles
in the transverse (xy) plane, and hence a nonvanishing
Vn - Thus v, is a m easure of the degree of therm aliza—
tion of the m atter produced in a noncentral heavy—ion
collision .

To sum up, if either of the two ingredients, nam ely
initial spatial anisotropy and adequate rescatterings, is
m issing, there is no anisotropic ow (v ).

Sensitivity of v, to propertiesofm atteratearl tin es
( fm/c): W e saw above that the spatial anisotropy of
the initial state (together w ith m ultiple rescatterings)
leads to m ore m atter being transported in the direc-
tions of the steepest pressure gradients, and thus to a
non-zero v, . That in tum results in the reduction in
gpatial anisotropy (\selfquenching”). In other words,
expansion of the source gradually din inishes its spa—
tialanisotropy. Thus v, buidsup early (ie., when the
spatial anisotropy is signi cant) and tends to saturate
as the spatial anisotropy continues to decrease. (T his
is unlke the radial ow which continues to grow until
freeze-out and is sensitive to early-aswellas latetim e
history of the m atter). Thus v, is a m easure of the
degree of themm alization of the m atter produced early
in the collision. In other words, v, is a signature of
pressure at early tin es.

H ydrodynam ic calculations of v, involve the equa—
tion of state ofQ G P. T husone hopes to leam about the
m aterialproperties of them edium , such as the speed of
sound, sheer and bulk viscosities, relaxation tin es, etc.

Flow may also be a ected by the dynam ics of the
hadronic phase. Study of the ow would provide con-
straints on the properties of hadronicm atter too. (It is
expected that at LHC , the relative contrdbution of the
QOGP phase to v, would be larger than thatat SPS and
RHIC .Thiswould reduce the e ect of the uncertainties
in the hadronic phase).

Tt should, however, be kept In m ind that the ini-
tial conditions for the hydrodynam ic evolution are not
know n w ith certainty. H ence the task ofunravelling the
properties of m edium is not as easy as it m ay appear.

Figure[18 show s the in pressive agreem ent betw een
RHIC data on v, (pr ) and ideal hydro calculations for
Pr up to 1:55 GeV /c. In particular note the m ass or—
dering: the heavier the hadron, the an aller the v, (pr ).
T his can be understood heuristically as follow s.

M ass ordering of v, (pr ): Recall that the radial ow
depletes the population of low or hadrons (by shift-
ing them to larger values of pr ). This e ect ism ore

lsince = tan ! (py=px).
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pronounced for larger ow velocities and for heavier
hadrons. Suppose v, is positive as at RHIC , which
m eansm ore hadrons em erge nplane (x-direction) than
out-ofplane (y-direction). Now due to higher pres-
sure gradients in the x-direction, hadronswhich em erge
Inplane experience a larger ow velocity than those
which em erge out-ofplane. So the depletion is greater
for the hadrons em erging in-plane than out-ofplane.
This tends to reduce the anisotropy and hence v,
of all hadron species. For a heavier hadron species
this reduction is m ore pronounced. The net result is
V;ight hadron (p]? ) > Vlzieavy hadron (p]? ). M ass—orderjng
signi esa comm on radialvelocity eld.

H ydrodynam icm odelcalculations predicted m ass or-
dering of v, (pr ). The broad agreem ent between the
RHIC data and the predictions of idealhydro (Fig.[19)
kd to the claim s of them alization of m atter and dis—
covery of a perfect uid | m ore perfect than any seen
before.

In order to clain the discovery ofa new state ofm at-
ter, nam ely quark-gluon plasn a, one needs to dem on—
strate unam biguously that (local) equilbbrum is at-
tained. T here are indications that the equilbbrium at-
tained at RH IC is incom plete [142].

Vs, = 200GeV ¥'Au + *"Au at RHIC
0.12 [T T T T T T T T T T T T T ,"' T T, ", ]
| STAR  PHENIX .
ol fomw A 7 & .
A - ;

L | L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
Transverse momentum p, (GeV/c)

Figure 15. M ininum -bias data. Curves represent
dealhydro resultsw ith a rstorderQ G P-hadron phase
transition. Figure taken from [l43].
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3.2.1. Constituent Q uark Scaling

For pr > 2 GeV/c, deal hydro results are in gross
disagreem ent w ith the v, (pr ) data: calculated v, (pr )
continues to rise w ith pr , while the data tend to satu-—
rate and them ass ordering is reversed. In the interm e-
diatem om entum range (2GeV/c < pr < 5Ge&V/c),
it is observed that the v,=ngq vs pr=ng (or K Et=ng)
data allon a nearly universalcurve; see Fig.[Id. Here
ng is the num ber of constituent quarksand K E¢ is the
transverse kinetic energy. T his is called the constituent
quark scaling. It shows that the ow is developed at
the quark level, and that the hadronization occurs by
quark recom bination.

® n (PHENIX) < p (PHENIX)
m K (PHENIX) ® A (STAR)
0.10F * KO(STAR) ® E (STAR)

P L8

o3k RHIC Au+Au Vs, = 200 GeV

Baryons (ng=3) +
0.2 ld}¢+<> +

‘d}i:‘.. Lo ‘F.lo J\'

01} ?

Yo
Vvo/ng

Mesons (ng=2)

gl...m...\. ol S I BRI B
0 0.5 1 1.5 1

|
0 1 2 3

KE, (GeV) KEq/ny(GeV)

Figure 16. Left: N ote the two distinct branches. R ight:
Universal curve. Figure taken from [[44].

3.3. Jet Quenching

A vardety of signatures of quark-glion plasn a have
been proposed. Som e of the m ore popular ones are
excess strangeness production, them al dileptons and
photons, Bt quenching, J= -suppression and eventby—
event uctuations. A comm on them e underlying all of
these is the dea of exploiting the consequences of those
properties of Q GP which distinguish it from alterma-
tives like a hot hadron gas. Since Q GP is expected to
form and exist predom inantly in the early phase of the
collision, the so—called hard probes are potentially the
cleaner direct probes of this early phase. It is experi-
m entally known that rare but highly energetic scatter-
ings produce gts of particles : g+ g ! g+ g,whereen-
ergetic gluons from the colliding hadrons produce two
glions at large transverse m om enta, which fragm ent
and em erge as gts of show ering particles. T heir typical
production tim e scale is t 1=0 ,where Q = @, the
transverse m om entum of the Ft, is the hard scale of
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production. T hus Pts at large transverse m om enta are
produced very early and by traversing through the pro—
duced medium carry its m em ory while em erging out.
Quark-G ion Plhana, or any m edium in general, n—
teracts w ith the Pt, causing it to lose energy. This
phenom enon goes by the nam e of £t quenching.

U sing the wellknown factorization property of per—
turbative Q CD [[45], which allow s a separation betw een
the hard and soft scales, a typicalcross section at hard
scale, say that ofhadron h at lJarge transversem om enta
in theprocessA+ B ! h+ X ,can be sym bolically w rit-
ten as

£ (%2;0%)
Dii n(z;Q7%) : (5)

Here f, ,fp areparton distribution functionsofthe col-
lding hadronsA and B atscaleQ?, (x1;x,;Q072)isthe
elem entary pQ CD cross section for partons ofm om en—
tum fractions x; and x, to produce a parton iw ith the
hard scaleQ = pr for et production,and D ;1 n (z;Q?)
is its fragm entation function to hadron h w ith m om en—
tum fraction z. Various convolution integrations are
denoted sym bolically by C kearly, there are m any
m ore details which are not spelt out here for brevity,
such as the kinem atic integration region or the sum m a—
tion over all allow ed m any parton level processes, such
quark-quark or gluon-quark etc. T hese can be found in
textbooks [[45].
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Figure 17. C om parison of the various dihadron angular
correlations. Taken from [[47].

In presence ofam edium , ofhot hadron gas or quark—
glion plasm a, the function D above will get m odi ed
by the interactions with medium . The m edium pro—
vides scattering centers for the fastm oving seed particle
of the t which typically in part a transverse m om en—
tum kick to it. The mediuim induced transverse m o-—
mentum squared per unit path length, §, characterizes
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Figure 18. Com parison of the diadron azinuthal
correlations as a function of the associated pr for 8
< pr 99 < 15GeV.Taken from [[48].

the quenching weight function P ( E ) [ |46] which is
the probability that a hard parton loses an additional
energy E due to its interactions with the m edium .

In hot m atter w ith a tem perature of about T = 250
M &V , a perturbative estin ate [149] for § is about 0.5
GeV?/fin . It is typically a Jot smaller in the cod nu-
clear matter. In tem s of the quenching weight, one
can writedown [[46]am edium m odi ed fragm entation
function for a gt passing through a m edium as

Z

D" (x;0%)= d
J..h( Q%) 0 1 1

For a heavy quarkonium lke J= , the analogue ofD ,
is the wave function of a heavy quark-antiquark pair
(cc),and itwillbe presum ably atter in a hotm ediuim ,
corresponding to \ism elting".

RH IC experin entshave cleverly exploited their capa—
bilities to perform testswhich havean on-0 natureand
are therefore rather convincing about the qualitative
existence of the Bt quenching phenom enon in heavy ion
collisions. In the case ofthe elementary g+ g ! g+ g
hard process, one expects back-to-back pts, ie,a well-
determ ned azin uthalcorrelation betw een the fast par-
ticles. A s Btsare hard to dentify in the com plex m ulti-
particle environm entat RH IC , the STAR collaboration
constructed the angular correlation of hadrons, using a
high transversem om entum p;rigg particle as the trigger,
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and studying the azim uthaldistributions of the associ-
ated particles (p3°°°° < p;“rigg ). Figure [I7 com pares
the results for god-gold central collisions, where one
expects form ation of a hot m edium , w ith the proton—
proton or deuterium -gold collisions, w here one expects
to have tumed o the medium e ects. The expected
correlation, signalling a lack ofany quenching/m edium ,
is clearly visible in the two peaks separated by 180 for
the d-Au and pp collisions. Rem arkably the god-gold
centralcollision data show only the peak at zero degree
or the nearside. A hint of the creation of som em edium
is given by the vanishing of the away-side Ft, at 180
degrees, which appears to have been fully quenched by
the m edium . For high enough trigger pr , one can do
the sam e com parison as a function of range of the as—
sociated pr . Clearly, as the p3°°°® increases, one ought
to see the aw ay-side re-em erge. T his is beautifiilly seen
in the Figure[I8. Tt shows the azin uthal correlations
for8 < p;‘rigg < 15Gev ford-Au,and Au-Au collisions
In two centrality bins, with the data for m ost central
collisions displayed in the last coiimn. The pr of the
associated particle is restricted to ranges m arked on
the right side, and increases as one goes from top to
the bottom . A 1l panels show com parable strengths for
the near-side peak. A s the p}°°°° grow s above 6 G &V,
the away-side peaks in all the three system s also show
com parable strengths whereas for lower pf°°°° ranges
one has dim inishing aw ay-side peaks, characteristic of
ptquenching. T he sam e phenom ena can also be stud-
ied by varying the p;“rigg and the aw ay-side peak is seen
clearly to em erge as py ¢ increases.

A m ore quantitative investigation of the gt quench-
ing phenom ena needs to extract the transport coe -
cient ¢, and establish the presence of the hot m atter
by com paring it w ith the corresponding theoretical es—
tin ates, directly from Q CD .M any such attem pts have
been m ade. Recently, the PHEN IX experin ent [51]
reported theirm easurem ent of neutral pion production
In Au-Au collisions at 200 G €V at theRH IC collider in
BNL.They de ne the now -fam ous nuclear suppression
factor Raa as the weighted ratio of the nuclear dif-
ferential distrbbution in rapidity v and transverse m o—
mentum pr and their own earlierm easurem ents for the
sam e quantity in proton-proton,

1=N &, +dN =dydpr
Raa = , ; (7)
Hla g id pp=dydpr

w here further details of determ inations of various fac—
tors above are given In [[51]. Their results forR,, are
displayed in Figure[I9. W hile the rst panelshow s the
results for their entire data set, the other panels exhibit
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Figure 19. Nuclar m odi cation factor, R 5 , for neu—
tral pions as a function of transverse m om entum for
di erent centralities. Taken from [[51]].

data for increasing peripherality of the collisions (indi-
cated by the Increasing range of the percentage label
of each panel), or decreasing centrality. T he error bars
indicate the statistical errors, w hereas various system —
atic errors are shown by the boxes. Note that if the
nucleusnucleus collisions were m erely scaled proton—
proton ones, one expects Raa = 1. W hat the data
in Figure[I9 indicate, however, is a vefold suppres-
sion that is essentially constant for 5< pr <20 G €V for
them ost centralbin of 010 % . T he qualitative pattem
is the sam e In all centralities, although the m agnitude
of suppression com es down. T he highest centrality bin
was used to detem ine the transgport coe cient in the
the parton quenching m odel [[50]to cbtain ¢ = 132" 23
Gev?/f . Typically, tswith varying m odel assum p—
tions do tend to yied a § of 5-15 G eV 2 /fin . This order
of m agnitude or so higher value of the transport coef-
cient com pared to the expectations from perturbative
QCD, 0:5,asmentioned above is an unresolved puz-
zle. Nevertheless, the value hints at a hot m edum ,
presum ably even stronger interacting than the pQ CD
picture, as the cold m atter expectations for ¢ are even
m ore in disagreem entw ith the experin entaldeterm ina—
tion. Clearly a lot m ore needs to be understood from
the data by further delving into the detail predictions
of them odels and confronting them w ith data, as [[51]]
attem pts to do, in order to establish the nature of hot
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medium produced as that of quark-gluon plasm a.

Having discussed the two main observations,
anisotropic ow and gt quenching,which lend support
to the clain s of discovery ocfQGP at RHIC, we now
discuss som e corroborative evidences w hich strengthen
these clain s. T here are also surprises In theRH IC data
when com pared w ith the expectations from the earlier
low er energy heavy ion collisionsat SPS in CERN .W e
discuss som e w ith the ain to prepare ourselves for the
expectation at yet higher energy n LHC .

3.4. Anom alous J= Suppression

Am ongst the m any signatures proposed to look for
QGP experim entally, the dea of J= -suppression has
attracted them ost attention as the lkely \god-plated"
signal. Soon after the pioneering work of M atsui and
Satz [[23], arguing that i) as a hard QCD process, the
heavy cham pair production takes place very early, i)
the D ebye screening of the Q G P prevents form ation of
a J= state n heavy ion collisions, and iii) the low
tem peratures at the hadronization do not pem it pro—
duction of cham -anticharm pair kinem atically, it was
further proposed that the suppression pattern ought to
have a characteristic [[52] transverse m om entum de-
pendence. Recognising that the gluon and quark dis-
tribution functions depend on the atom ic num ber A,
known by the fam ous EM C - ect, it was shown in a
perturbative Q CD calculation that the suppression sig—
nal [[53] itself as well as its pr -dependence [[54] can be
m in icked by the m undane nuclear shadow ing. Thus it
becam e clear since the early days that a detailed quan—
titative analysis isnecessary to disentangle the e ectsof
the D ebye screening In Q G P. Tt has since been recog—
nised that other e ects, notably the absorption [ [53]
of the produced J= in the nucleus, causes suppres—
sion of J= 1in allpA and A B —collisions. T hus one has
to st account for this expected or nom al suppres—
sion and then look for additional or anom alous J= -
suppression as the possible signalofQ G P. C onsidering
the general w isdom that J= -production can be com —
puted In pQ CD , it ought to be a straightforw ard task to
com pute this nom al suppression. Unfortunately, it is
not so. O ne reason is that the gluon distribution func—
tion, and the nuclear shadow ing e ects, are not well
known. Another, perhaps much m ore in portant rea—
son, is that the hadroproduction of J= needs to tackle
the vexing issue of its form ation from the perturbatively
produced cham -anticharm pair. O ne usually depends
[[56]] on m odels, such as the colour evaporation or the
color octet m odel, hoping that the e ective theory de-
scriptions are valid. It tums out to be true for large
pr cham onium production but not for the total cross
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sections of interest for the Q GP signal.
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Figure 20. J= -suppression in Pb-Pb collisions at SP S
as a function of transverse energy Er . Figure taken
from [[57].

The preferred phenom enological m ethod [ [55] has
been to param etrise the ratio of J= -cross sections, to—
talorappropriate di erential cross sections in its trans—
versem om entum pr ,or forwardm om entum fraction xp
etc.,, h pA and pp collisions at the sam e colliding en—
ergy, s,asexp( aps(J= ) oL),wherel isthem ean
length of the tra fctory of the produced cc pair in nu-
clearm atterand o isthenucleardensity. T he param e-
ter, .ps(d= ),isobtained by tting thedata.De ning
amean freepath = 1= j,5(J= ) o,one then extends
this dea to the heavy-ion collisions to de ne the nom al
orexpected J= suppression due to the traversing ofthe
ccpair n the nuclear matter as exp( (Ia + Ly )= ).
Here L, and Ly are the lengths for the tra ctories of
the cc In the progctile (A ) and target (B ) respectively.
They are calculated from collision geom etry by using
the oft-used relations between m ean transverse energy
of the bin, Er , and the average in pact param eter b.

Figure[2d exhibits [[57] the results of the NA 50 col-
laboration on J= cross section as a function of the
transverse energy E1 in Pb-Pb collisionsat ™ s / 17
G &V . It is nom alized to the DrellY¥an cross section
in the mass range shown and B is the branching
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Figure 21. J= -suppression in Pb-Pb collisions at SP S
asa function ofthe energy density . Figure taken from
(571

fraction of J= in the dimuon channel. T he fuill curve
depicts the expected nom al suppression as a function
of E1 , com puted as explained above using the tted
J= cross section 0of4.18 mb obtained from the NA 50's
own pA data. The dashed lines show the com puted
error bars on the expected suppression, and the inset
show s the ratio of m easured to the expected suppres-
sion. U sing the B jorken form ula in eq. {@), one obtains
this ratio of the m easured to the expected cross sec—
tion ratio of the J= and the DrellYan as a function
of the energy density in G &V /fin > units, as shown in
Fjgure|2_l|, taken from [[57]. O ne sees that the anom a—
lous suppression, ie., depletion of the m easured cross
section from that expected, sets In at an energy den-
sity of about 2.5 G €V /fin *, com parable to the expecta—
tions from lattice Q CD , as seen in Figure[d. A natural
explanation of the anom alous suppression was, there—
fore, the form ation of quark-gluon plasma. Since the
J= -production takes place both directly and through
other cham onium states lke ., the slow 2allo with
the energy density in Figure 21 could be interpreted
as gradual progress tow ards the fiill suppression. H ow —
ever, one could also explain the anom alous suppression
in alternative w ays, using hadronic [[58]or therm al[[59]
m odels. Since one expects the higher collision energy
at RHIC to produce higher tem peratures/energy den—
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sities, one expected a further stronger suppression at
RHIC . Indeed, this seem s to be true both In the quark—
glion plasn a m odels as well as the altematives, the
di erence between them being quantitative in nature.
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Figure 22. J= -suppression in Au-Au collisions at
PHEN IX ,BNL asa function of num ber of participants.
Figure taken from [[60].

The RHIC results [I60], however, brought a big sur-
prise by being di erent from any of those expectations.
Analogous to the case of Bt quenching in the previous
section, the PHEN IX collaboration atRH IC constructs
theratioRaa oftheJ= (di erential) production cross
section In AA collisions and the corresponding pp cross
section weilghted by the num ber of binary collisions.
Figure22 displays their results orRaa i Audu col
lisionsat”™ s= 200 G &V .They show m ore suppression
in the forward region (3732 [12;22], lled circles in the
top panel), than the central (F7j< 0:35, open circles in
the top panel) for num ber of participants greater than
100 (altematively for large enough transverse energy
E7 ). M ore in portantly, a direct com parison [161l] in
F igure[23 clearly dem onstrates that the PHEN IX data
in the central rapidity region are in very good agree—
m entw ith the CERN NA 50 results [[57]. T he trends for
both the centralregion of the CERN and RH IC exper—
in ents, as seen in Figure[23, and the ratio of orward
to the central rapidity region, as seen in the bottom
panel of Figure[22, are against [[61]] the predictions of
the m odels which successfully accounted for the NA 50
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Figure 23. Com parison of NA 50 and PHEN IX results
on J= -suppression as a function of num ber of partici-
pants. Figure taken from [l61l].

data.

T here have been som e attam pts to solve this J= —
puzzle. Aswe saw in the Figure[Id of section 2 .4, the
lattice QCD results suggest m elting of the J= takes
place at higher tem peratures (> 2T.) than predicted
by sin ple m odels. A way to understand the results in
Figure[23 could then suggest itself if the tem perature
reached at both the SPS and RHIC energy is < 2T..
In that case, only . and °would havem elted [[62],
suppressing the corresponding decay J= 's, and giving
sin farresults for CERN and RH IC experin ents. Since
the tam perature reached at LHC is expected to cross
2T., a clear prediction of such a scenario would then
bem uch m ore suppression for LHC than that in F igure
[23. H ow ever, there are other scenarios, including ther—
m alenhancem ent [63] arising due to recom bination of
the large num ber of therm alproduced cham -anticharm
quarks. These would predict an overall enhancem ent.
In any case,J= -suppression could provide a lot of ex—
citem ent again at LHC .

3.5. Particle ratios & Bulk Properties

A variety of hadrons are produced in an ultra—
relativistic heavy—ion collision. T hey are denti ed and
their relative yields measured; see Fig. [24. These
hadron abundance ratios can be caltulated In a sin -
ple statistical m odel [164]]: Tt is assum ed that these
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particles em erge from a chem ically equilbbrated hadron
gas characterized by a chem ical potential ( ;) for each
hadron sgpecies and a comm on tem perature (T ). The
num ber density n; of hadron of type i is then given
by the standard Fem iD irac (+ ) or BoseE nstein ( )
form ulas

Z

a3 1
n; = dj_ P

2 PexplE;:

=11 1

where d; is the spin degeneracy. At chem ical equi-
Ibrium , the chem ical potential ; can be written as
117 where B ;; S; and 1°) stand
for the baryon num ber, the strangeness and the thid
com ponent of the isospin quantum num bers, respec—
tively, of the hadron of type i. The two unknown pa—
rameters T and  are tted to the data. This sinple
m odel has been quite successful n explaining the SP S
and RHIC data; see Fig.[24 for SPS and a sin ilar g-
ure In [[69] for RH IC . N ote that even the m ultistrange
particles seem to be consistent w ith the m odel. This
suggests that they are produced in a partonic environ-
m ent rather than in a hadronic one. T T is the
chem ical freezeout tem perature. The tted values are

i= BBi sSi

Tshn = 170Mev; g = 270M&V; (SPS);
Tshn = 176 Me&V; g = 41MeV; RHIC 130G&V);
Ten = 177MeV; 5 = 29MeV; RHIC 200G &V):

N ote the trend of the chem ical freezeout point to ap—
proach the tem perature axisofthe Q CD phasediagram

as the collision energy is increased. D ata obtained at
the AG S and SIS energies are also consistent w ith this
trend; see Fig. 1.3 In [I66]. Form ore recent ts to the
statisticalm odel, see [[67].

4. H ydrodynam ics

Hydro plays a central role in m odelling relativistic
heavy-ion collisions: It is rst used for the calculation
ofthepr spectra and the elliptic ow v, . T he resultant
energy density or tem perature pro les are then used In
the calculations of £t quenching,J= m elting, them al
photon and dilepton production, etc.

H ydrodynam ic fram ew ork consists ofa set of coupled
partialdi erentialequations for energy density, num ber
density, pressure, hydrodynam ic fourwvelocity, etc. In
addition, these equations also contain various transport
coe cients and relaxation tin es.

H ydro is a very pow erful technique because given the
initialconditions and the EO S it predicts the evolution
of the m atter. Its lin itation is that it is applicable at
or near (local) therm odynam ic equilbbrium only.
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Figure 24. Com parison between the statistical m odel
(horizontal bars) and experin ental particle ratios
( Jled circles) measured at SPS CERN . From Braun-
M unzinger et al. [|64].

41. A Perfect Fluid?

How robust is the clain ofdiscovery ofa perfect uid
at RHIC, or is there any need of the viscous hydro—
dynam ics for RHIC? A closer scrutiny show s that the
chin isnot really robust, and it is necessary to do vis—
cous hydro calculations:

Agream ent between data and ideal hydro is far
from perfect. (Ideal) \hydro m odels seem to work for
m Inin um Jias data but not for centrality-selected
and p data" [l68].

Tnitial (and nal) conditions for the hydrodynam ic
regin e are uncertain. It is entirely possible that the
dealhydro m in ics viscous hydro if the initial (and/or

nal) conditions are suitably tuned. M ost ideal hydro
calculations so far have been done w ith G laubertype
initialconditions. It has recently been realized that the
CG C+ype Initial conditions yield higher eccentricity of
the overlap zone [169], and hence higher v,. To push
these resultsdow n to agreew ith data, som e viscous cor—
rections are needed. The sam e is true w ith uctuations
in the nitial conditions [[70]. Eventto-event uctua-
tions In nucleon positions result n higher eccentricity
and hence higher v, [I71].

Som eym ay buid up during the preequilibbrium (ie.,
pre-hydro) regin e. Success of deal hydro m ay be due
to the neglect of this contribution to v, In m ost calcu—
lations [172].

For realistic light quark m asses, the decon nem ent
transition is known to be a sm ooth crossover. H ow ever,
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it seem s that the deal hydro calculations need a rst—
order transition for a best t to the data [[73].

T he shearviscosity to entropy density ratio ( =s)m ay
be sn all in the transition region. But there are indi-
cations that the bulk viscosity to entropy density ratio
( =s) may be rising dram atically near T. [[74]. If this
result holds, Q G P discovered at RH IC cannotbe called
a perfect uid.

It is known that for helium , water, nitrogen, =s at
constant pressure plotted as a function of tem perature,
exhibits a m lnimum w ith a cusp-lke behaviour at the
critical point; see Fig. [28. There are indications that
the Q CD m atter too show s sin ilar trends. V iscous hy—
dro calculations of the QCD m atter would allow us to
extract =s from data and m ight help us pinpoint the
location of the Q CD critical point [[75].

Helium

20 . . . , .
[ —P=0.1 MPa ]
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& [ ]
5 — —
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Figure 25. Each curve is at a xed pressure. Sold:

below the critical pressure P., dotted: at P., dashed:
above P.. From [[75].

If the inequality =s > 1=4 obtained[I6]from the
AdS/CFT duality is applicable to Q CD , then also vis—
cous hydro calculations becom e necessary.

A ssum e a quasiparticle picture. Q uantum m echanical
uncertainty principle tells us that the m ean-free path
() cannot be lss than the inverse of the typicalm o—
m entum of the quanta. It also m akes no sense to have
a m ean-free path an aller than the interparticle spacing
[[76]. Since / , cannotvanish.

Finally, to clain success for ideal hydro, one should
calculate viscous corrections and show explicitly that
they are indeed sm all.
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4 .2. R elativistic D issipative Hydro | a Brief
H istory
R elativistic version of the N avier-Stokesequation was
obtained by Eckart [[77], and by Landau and Lifshitz
[[78]. T his is called the standard or the rstorder for-
m alism because term sonly up to rst order in dissipa—
tive quantities are retained In the entropy four-current.
(T he Euler’s equation constitutes the zeroth-order for—
m alian .) However, it was soon realized that this for—
malisn su ers from the follow ng problem s:
A causality : Equationsare parabolic and they result
in super-lum inalpropagation of signals [[79,[80]].
Tnstability : Equilbbrium states are unstable under
am allperturbations foram oving uid [[81l]. T hism akes
it di cult to perform controlled num erical sin ulations.
Lack of relativistic covariance: T his problem is re—
lated to the previous one. F irst-order theories look co—
variant, but they are not.
A causal dissipative form alism was developed by
M uller [[79], and Israeland Stewart [[80], in the non-
relativistic and relativistic sectors, respectively. It is
also called a second-order form alism because the en-
tropy fourcurrent now contains term sup to second or-
der in dissjpative quantities. The resulting hydrody-—
nam ic equations are hyperbolic. A pplication of causal
dissipative hydro to relativistic heavy—ion collisionswas
pioneered by M uronga [[82]. Since then m any others
have contributed to thise ort. W e shalldescribe som e
of them in subsection 4 .4.
R ecent years have w itnessed intense activity in the
area of causal hydro of gauge theory plasm as from
AdS/CFT duality; for review s see [[83].

4 3. Basic Idea of C ausalD issipative H ydro

Before we discuss hydrodynam ics, let us rst con—
sider a sin pler exam ple of di usion. Consider a uid
in equilbriim with a uniform density . Ifthe ui is
perturbed such that the density isno longer uniform , it
responds by setting up currents which tend to restore
the equilbrium . In the linear response theory, the in-
duced current J; is sin ply proportional to the gradient
of (Fick’s law.):

Ji= D@ ; (8)

whereD isthedi usion coe cient. D isan exam ple of
a transport coe cient. Transport coe clents play an

In portant role in the study of relaxation phenom ena in
non-equilbbrium statistical m echanics or uid dynam —
ics. Equation (8) connects the applied force ( @ )
with the ux (Ji). Such equations are called constitu—
tive equations because they describe a physical prop—
erty of thematerial. (The fam ifliarOhm ’slaw J = E
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is another exam ple of this.) In addition to eq. (8), we
also have the usual current conservation equation

@J = 0: (9)
IfD is constant, elin ination of J; gives
@ D Qz = 0:

T his is the di usion egquation. It is parabolic. Tts solu—
tion is

P
exp( %=4Dt)= 4 Dt

Tt iseasy to see that the solution violates causality : Thi-
tially (ie., in the limit t ! 0), this is the D irac delta
function. But at any nite tim e, how soever am all, it is
nonzero everyw here, even outside the lightcone. Now
eq. (@) cannot be wrong. So to restore causality the
constitutive equation (§) which anyway was a hypoth—
esis, is replaced by

7@Ji+ Jdi= D@ ; (10)

where 5 is a param eter w ith din ensions of tine. In
eq. (8), if the force vanishes, the ux vanishes instanta-
neously w ithout any tin e Jag. In contrast, in eg. (10)
the ux relaxes to zero exponentially. 5 is called the
relaxation tim e. The new di usion equation is

J@ + @ D& = 0:
This equation is hyperbolic and is called the Tele-
graphist’s equation [[84]. Ifv? D=y < 1, causality
is restored .

Now consider hydrodynam ics. T he conservation and

constitutive equations are

@T = 0
2
Tis = P i (Quy + Qyu; 3 5@k ux)
ij@kuk:
HereT is the energy-m om entum or stress-energy ten—

sor, P is the equilbrium pressure, and and are
the coe clents of shear and buk viscosity, respectively.
Tensor decom position is now m ore com plicated. But
the basic dea rem ains the sam e. C ausality is restored
by Introducing higher-order term s in the gradient ex—
pansion. T his forces introduction of a new set of trans—
port coe cients, eg., and which are relaxation
tin es corresponding to shearand bulk viscosities. T hey
are In portant at early tin es or for a rapidly evolving
uid. For details, see eg. [[82)].
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4.4. RecentResults from CausalV iscousH ydro

T he Israel-Stew art form ulation [[80]of the causaldis—
sipative hydro is com m only used for num erical applica—
tions. However, it is not the only causal form ulation
available. There are others such as M uller’s theory [
[79)], C arter’s theory [[85], O ttinger-G m ela orm ulation
[[86], m em ory function m ethod of K oide et al. [[87],
etc.

W e have already mentioned the early work by
M uronga [[82]. Since then severalauthors have studied
various aspects of the causal viscous hydro. W e now
describe brie y only a few of the m ost recent of these
papers. This will also give the reader a feel for the
com plexities of these calculations and the uncertainties
therein. (O ther very recent papers which we shallnot
describe are listed in [[88]].)

Rom atschke and Rom atschke [[89] used the Israel-
Stew art theory. They assum ed longitudinal boost in-—
variance and used G lJauber+type initial conditions. T he
initial shear pressure tensor was assum ed to be
zero. =s was treated as a xed number independent
of tem perature. The bulk viscosity was ignored. For
the EO S they used the sem irealistic result of Laine and
Schroder [[90], and calculated the elliptic ow v, . Their
conclusion was that pr -Integrated v, is consistent w ith

=sup to 0.16;seeFig.[2d. H owever, them inin um bias
vy (pr ) favoured =s< 1=4 violating the K SS bound [
[16); see Fig. [27.

0.08F o= ideal E
o =en/s=0.03

o= o 1/s=0.08 | 1

| e - on/s=0.16 | |
0.06 = PHOBOS

004 ¢ -+ i
002} o -
O 1 1 1 »
0 100 200 300 400
NP&K

Figure 26. AuAu, 200 G&V, pr-ntegrated v, for
charged particles vs number of participant nucle-
ons. PHOBO S:90% con dence level system atic errors.
From [[89].
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charged particles. STAR : only statistical errors. From
[[891.

D usling and Teaney [|191]] used the O ttinger-G m el
form alisn ofcausalviscoushydro. T hey assum ed longi-
tudinal boost Invariance and used G laubertype initial
conditions. The initial shear pressure tensor 3 was
taken to be @'ul as in the NavierStokes theory.

=swas treated asa xed num ber independent of tem —
perature. The buk viscosity was ignored. The EO S
used by them was simply p = =3 without any phase
transition. Their conclusion was that if the e ects of
viscosity are lnclided in the evolution eguations but
not In the freezeout, then the v, is a ected only m od—
estly. If, how ever, they are included at both the places,
then v, is signi cantly reduced at large pr .

W hy does the shear viscosity suppressv, (pr )? Shear
viscosity represents a frictional force proportional to
velocity. For an inplane elliptic ow , the inplane ow
velocity is higher than that out of plane. So the in—
plane frictional force is stronger. T his tends to reduce
the ow anisotropy and hence v, (pr ).

C alculations described above include the shear vis-
cosity In som e approxin ation, but gnore the buk vis—
cosity com pletely. W hat do we know about the buk
viscosity of the strongly interacting m atter? In the
high-tem perature lim it, pQ CD calculations [192] give
the follow ing results for the shear and bulk viscosity
coe cients

T3 273
ﬁ and s—l .
thh In s
As T increases, both and  increase. However, the
ratio = decreases show ing the reduced im portance of
the buk viscosity at high T . A lso note that the en—
tropy density s T°, and hence =s increaseswith T,
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whereas =s decreaseswith T. This is easy to under—
stand because Q CD becom es conform ally sym m etric at
high tem peratures.

In the decon nem ent transition region the conform al
symm etry is badly broken, and there is no reason to
expect the bulk viscosity to be negligble. Extracting

for tem peratures in this region from lattice QCD is
di cult; see section 2.4. However, som e prelim inary
results are now availbble, and they indicate a dram atic
riscof =sasT ! T. [|74].

0.30 [ ]
Us
0.25 g

0.20 ]

0.10 ]

0.05 - 1
TIT,
1.0 1.2 1.4 1.6 1.8 2.0

C

0.00 =

Figure 28. Bulk viscosity based on lattice data. !g =
05;1;15 Gev (top to bottom ) is the scale at which
PQCD isapplicable. From [[74].

Taking these results at their face value, Frieset al. [
93] have studied the e ect of Inclusion of the buk vis—
cosity in the hydro equations. T hey studied 1D expan—
sion ofthe uid assum ing longitudinalboost invariance.

=s washeld xed at 1=4 . A realistic EO S based on
the lattice results of Cheng et al. [|12]wasused. Vari-
ous Initial conditions were tried. T hey conclided that
(@) Large bulk viscosities around T. lead to sizeable
deviations from equilbbrium throughout the entire life—
tine of QGP. (b) Buk viscosities just slightly larger
than currently favoured could easily lead to breakdown
of hydro around T.. (c) T he decreased pressure should
slow dow n the expansion and increase the tin e spent by
the uid in the vicinity of the phase transition. (d) The
am ount of entropy produced through buk stress around
T. is an aller than that produced by shear stress at ear—
lier tin es. Hence no large increase of the nalparticle
m ultiplicity is expected.
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45. W hatRem ains to be D one?

Bulk aswellas shear viscosity (togetherw ith tem per-
ature dependence of =s and =s) neads to be incorpo—
rated.

Can causalviscous hydro w ith CG C -ype initial con—
ditions reproduce dN =dy ;hor 1 and v, data? Ifso,what
are the extracted =s; =s?

C ausalviscous hydro + hadronic cascade is not done
yet.

T here are issues related to the hydro form alisn itself.
Forexam ple,Bajeretal [[94]have recently shown that
the M uller and IsraelStew art theories do not contain
all allow ed second-order tem s.

Present uncertainties in the hydro calculations 1im it
the accuracy w ith which conclisions can be drawn. A
coherent, sustained collaboration ofexperts in all stages
ofheavy-ion collisions isneeded fora detailed , quantita—
tive analysis of experin entaldata and theoreticalm od—
els. Various num erical codes need to be com pared w ith
each other. To thatend a new T heory-E xperin entC ol-
laboration orHot QCD M atter (TECHQM ) has been
nitiated. For details, see [195].

5. Predictions for LH C

Pb-Pb collisions at © Syny = 55 TeV isan im portant
part of the LHC experim ental program . 5.5 TeV rep—
resents about 30-fold increase in the CM energy com —
pared to them axim um energy explored atRH IC which
In tum was about 10 tin es higher than that at SPS.
M easurem ents on pp collisions as well as collisions of
p,d, light ions w ith Pb w ill provide Im portant bench—
m arks.

Among the experimnentsat LHC ,CM S and ATLAS
are prim arily particle physics experin ents/detectors,
but they will study the physics of heavy—-on collisions
t00. ALICE (A Large Jon Collider E xperin ent), on the
other hand, is a dedicated heavy—ion collision exper—
In ent. Physicists from several Indian universities and
Institutionshave contrbuted n abigway to the ALICE
collbboration. They are responsble for, am ong other
things, the designing, testing, installation and m ainte—
nance of the Photon M ultiplicity D etector (PM D) In
ALICE and future upgrades of it. PM D is a preshower
detector w ith ne granularity, fiill azin uthal coverage
and one unit of pseudoxrapidity coverage. It will be
used to m easure the m ultiplicity, spatial distrbution
and correlations of produced photons on an eventloy—
event basis. Since photons escape the quark-glion
plasn a without interactions, such m easurem ents can
potentially provide a cleaner glim pse of the early QG P
phase. The Indian comm unity has also m ade signi -
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can contributions to the m uon spectrom eter of ALICE .
T he spectrom em ter w ill be usefiil in the investigations
oftheJ= and otherquarkonia,discussed in subsection
3 4. Theseparticlesaredetected via theirdin uon decay
channel. Themuon tracks w ill be found w ith an accu-
racy of better than onetenth of a m illim eter, thanks
to the stateoftheart readout electronics, known as
MANAS, which was developed indigenously. ALICE

has decided to use a G rid environm ent for their com -
puting needs. India is a signatory to the W orldw ide
LHC Com puting G rid and som e of the D gpartm ent of
Atom ic Energy installations are designated as T ferII
centers for this purpose.

A workshop was organized in 2007 at CERN in order
to collect all the existing predictions for heavy-ion col-
lisions at LHC . T he proceedings [19€¢]] provide a broad
overview of the eld. Here we shallonly present a few
glim pses of whatm ay be In storeat LHC .
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Figure 29. C harged-particle rapid ity density per partic—
Ipant pairasa function of centerofm assenergy forAA
and pp collisions. Dashed line: a t linear in n( s),
Dotted curve: a t quadratic in n (" s), Long-dashed
curve: based on the saturation m odel of [|97]. From [
661.

Oneofthe rstand easiestm easurem entsat ALICE
would be that of the charged-particlem ultiplicity in the
m drapidity region. Particle production m odels and
sin ple tswhich are in agreem ent w ith the AG S, SP S,
and RHIC data on this quantity di er substantially
from each other when extrapolated to the LHC energy,
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Figure 30. P seudorapidity-azin uthalangle plot of Pb—
Pb event at LHC energy with two 100 G&V Fts gen—
erated with HIJING and PYTHIA event generators.
From [[98].

as shown in Fig.[29. Thus this sin ple \ rst-day" m ea—
surem ent w ill test our understanding of the physics of
m ultiparticle production. T he charged-particle m ulti-
plicity provides a handle on the initial entropy produc—
tion ; the latter quantity is a necessary input in the hy—
drodynam ic evolution of the produced m atter.

Another relatively sinple m easurem ent at ALICE
would be that of the elliptic ow v, which has played
a crucilrole at RHIC (sec. 3.2). The initial energy
density (eq. {@)) aswellas the QG P lifetin e are pre—
dicted to be higher at LHC than those at RHIC . This
is expected to raise the value of v, (pr ). On the other
hand, the increased radial ow at LHC is expected to
lower it. (R ecall the discussion on m ass ordering in sec.
3.2.) Thenete ecton v, (pr ) depends on the m ass of
the hadron: M Inim um Jias v, (pr ) for pions (protons)
is expected to be higher (lower) at LHC than atRHIC,
at low pr; see Eskola et al. in [[96]]. Prediction by
Kestin and Heinz is that v, (pr ) at a xed in pact pa—
ram eterw illbe sm allerat LHC than atRH IC , forpions
aswellas protons [[96]. H ow ever, pr —<integrated elliptic

ow is expected to be higher for allhadrons due to the
increased relative weight at large values of pr .

In sec. 3.5 we have quoted the valuesof Ty, and
for the SPS and RH IC energies. T he latest predictions
frLHC areTg, = 161 4M &V and g = O:8+Ol::62 M ev
(96].

Hard processes: C ross sections for the production of
heavy avours, . and ., are expected to be about
10 and 100 tim es larger at LHC than at RH IC . C ross
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sections for the production of ts w ith transverse en—
ergy in excess of 100 G eV are expected to be several
orders of m agnitude higher. Jet-photon events w illalso
be abundant. Figure[30 displays the capability of AL-
ICE to reconstruct the high-energy ftsat LHC in spite
of the large soft-hadron background. T hus it would be
possible to m ake detailed di erential studies of heavy—
quarkonium production, open-charmm and open-beauty
production, £t quenching, etc. at LHC [[96]. It will
also be possible to study quark m ass dependence and
colour charge dependence of the energy loss of a parton
as it traverses the m edium .

Thus LHC prom ises to be a valuable tool to test
our m odels of ultrarelativistic heavy-ion collisions and
deepen our understanding of QCD . For details, see [
[991.
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