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My lectures will 4all rohshlg 1fo
twa halves., The h'tre Jus?t '
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WHAT 1S Q¢eD?

I{-s La-sra.t\%‘:a.n 5%%%“.‘.5 + s
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not +oo LiSSerent Srom QRED whick
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ASYHUPTOT/C FREE DO

Geoss, Wilceek, Politaer (1973

In q'uanhm Creld theory , the vacuuin
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WHAT DOES &Q¢D DESCRIBE?

T+ i5 on e_uper‘umen-l-?al Soct tuad in tue
world around us, quarks aud g luens

occur only n  colorless Packages :

Peotons, newtrons,..  aiah
? ka .".‘;f:?’].'s' .
’Du‘, O“SJ . P/ '. 5':

Lt

These hadvous are +he
q,uasiparticles of te QD vacuum.

"I'key y 1l +urn > make «p evers‘l"nius_ ,Grom
nuclel o neut ron stars, and thus

mosl of +the mass of you aud me,

why no colored g uasiparteles

- woulJ disturd vacuum au-l- o 0O,
and & have 1w mass.

- MR %row'ﬂn of alr) with T = Sorce
between colored ob:)ee‘s does not
Soll o584 ot distauce, -

- +her absence concirmd by direct
caleulation . (Lattice qavge %Oorg.)
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- ususd = e



WHAT 1S 6D 7?

A +Mor~6 o q uarls dud 9uous
LOUAT DoES QD DESCRIE?

Colorless, Weav g, hadtons ...

Hadrows are The ( rather camphc«‘f'd)
c;ua.s‘c-'par-kdcs of the Q<D

NGAC AW A,
The vacwuuwm, whose ex-c'}'l‘a-\‘-!ans_

are tue hadrons, S HuereSore
‘b"‘.""! a noutrivial tconc"iv\couoa'f;
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cocpirgs 1 iphase of tua Hany
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Do oT#ER (s/mPLERT) PHASES EXIST

Do other phases ouist hose

q ue si particles look meore h'ée'

+ue q,uarks ad 3luau$ o‘c'H'e

& (D ‘,asmasiau 7?2 Aud ok wmore
like Phages Sawiliar $rom QED?.

Asbmp"-o{'lc gme&om: Quarhs audl
Sluous w €a klca 'lu'l'erag-‘-ins

) when close Yogether

ii) when wteract at Iarge Mo m eutim,

5u3325-}s look at high dcas'u"-b or
igh ‘emperature.

OR: cowndensed metter physics Teoches
s That phases wmay be Gar &rom
Simple even gor * as swmall og '-;'5—_’



EXPLORING the PHASES of QCD

T Relativistic
*. Heavy Ion

Collisions

(\ Quark-Gluon Plasma
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PUASE TRANS/TIONS
) look for an order Ja.ra.me-‘-er.

- fe¢fo ou oue side trausihon,
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SECOND ORDER PHASE TRANS [T10AK
Physics is scale variaut af T=Tc,

=2 {lucheations on all Icug-k\
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=P Coarsen Youl microscopé
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DECONEINE M ENT

i) W itho wt Ayuamr'c:cf war ks,
| (es Palt creation -(orb':]deu )
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=3 1=
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CHIRAL SYMMETRY

There 15 another qualitative difference
between T<<Te and THTe,
assotiated with a q,ual:'f-a'!-iu( 'GQ-A,N
of the QLD vactuum. '

- : -4 ¢
Lo =? DA zzq"‘ ‘P
* raluons onlg

Lo a Shver ndex. {=uU,d (2 massless
| S kwvors, dor now)

but: predictions of This symmetry Gail .
eq predicts Y pions aud on'y 3 oxist.
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CHIRAL SYMMETRY BREAKING...
(Sor now, M =Mys0 3 Mg = eo)
The QCD vacuum (+he 34 pairs 'erec'n)

'$ otrdered 7 £havor spaceé,

<qu.q,g> #0 condensate “picks a
Jirection awong Y previously
eq,uivalewt options. T1<r ‘t

1Y, |

. Called S -direction.
-points in Same T T,
direction everg«ohere. 3 '( T |

(IHY+0 4L TH=0 .
Could heve po'm'f'ed any direction, S waves

m which & reckion ok TunJula“'CS

associated with massless Pplons.
( Goldstone's Hieorem

My = 1Yo Hev. L;S(‘\{"fl’ hadron.

( gy O &2 mg‘-fo) |

_Al)_g'- I-l-eav‘moss O‘c otear hadrons ( ?3 Pa")
tan be seen &S due fo Ftheir

'lw\'!ro.c'(-ﬁou w’:"" (J’S'hlfbauce aC) CO\\:::;



... CHIRAL Sy HMETRY RE SToRA TION
Té#o A
“waves own the /{\r/r“;
conden sate", but |
£G4 > still uonteto. Stll a preferced
dicecton. sgwme"'rg still _51‘55-00\-
a.ka. a Gas of Pions
T 4Bove s$oHE Te...
—
E»'t"ropﬂ wins over ‘—///,{‘7 _.93) |
OM“P. “(audeu sa'f'e Z_ﬁl
GLTOMUOJ Y 'D;soro(oreJ. <é?> =20

A) directions eq uivaleat, |
LCHIRAL Sy MM ETRY RE STORED

W hat 3 T¢7 lattice Ca/cu/a'f-ians
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~ 2 X/o"" ko/v'm



‘r'ﬁ-E. QRLD PHASE TRAMS/T/:M/

T<<¢Te ': T wile
hadtons ‘Plasm of 1.“(&,
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': Gor T oo
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MEAN FIGLD ANALYSIS of Z. PR4SE TRA LS.
® 14noling § ectuations ;
N . .‘.' . e _“H |
(3, 4,> =01 +iTT"
-t ¢ -d
combume G and T into ¢ z (@, ff)
*For W4 =0, GD Lagranugion d«'lmﬂ’ g/mncﬁ-ic

P Ny ~ 044+ £¢'T)[¢} J ‘]:

Te s the T at which _a('l'. .-:O..
S0, write alT) ~ y (T-T) ¥ btr)~ 4§,

o Tt [64 " 20 B

. Ve s R\/
e Ta% ' (461 ~(B) (re-T)
- ld‘, 20 must pidl a Qirection in (-Speq
of T¢4,\ -» brewks chiref stdu-me”"‘":- Mp =0
Mgs0 (call the chogon Qicection 07)
* Eifect of m$$07. Mg (G utld) ~ M, &
- explicit sawmdrg breaki.a% |
\Nw -€T + al™ 3@ + NT)[&WT
¢ ",l in O direction, Swmall but novzes even
Lor THTC, Anl,_&r T<T,, m;/v € 4p.
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A PPLICATION OF UL NIVERSALIT)

QD neo.r";. «— Y- ‘ompanen‘f’ _
Masud' near

ts Te.
Has 2™ order
4ay | Frans ihion,

M= 8%

T
Colwlati ons +ectn)
Gay~(T.-T)F tm zotn expt, at least
g=.373 £.00¢ for 3 -:ampuod
Mag unets.
- Ve 44
£1$> ~ (m'u ,A) at TeTe
|/6 - .203 1'.00'

Twese predictions \ |
QLD being tesfed by Simu /af'u.n of
9 uerks aug glvous on u)of(is‘o."vm‘



T(MeV), assuming T, =170 HeN.
(estimede 15 Wo<‘fc-¢l¢'°)

| T (MeV)
% 1or ! | /T —t— ideal QEP
1_:2 ' DECoN F/NE‘—H&Z
e | (Towizne
) _ 1 e
pion ges _; 10 15 20 25 50 3 ~ MDED/U S>
Karsch Lao-rm.uq e
Poikort (Heine) T/t dr
O] CHIRAL
- 1 SYMMETRY
DeTar o2 1 K EGTDPAT/DM
w : I
colt%. AN | (MELTING THE
S\ \Ng s vacusH)
| 0.0 L—= - " * ‘ 3 @N T#E .
Ng=2 v T ATTILE
-mﬂr*o (‘Sunmj u.‘u'rGS) L A

.. smocth crossover



WHAT ABoul TRE STRAVGE QUARK?
Mo ! Z”J oPJer -» ClossaoVvef .

My S0 I“ ofrder . (Lc-che Ca(cula'l-uus'
and feN. QrOP Cal cu lutions agree )

N

AQULUESTIO

For mg os$ W nature , is

4 rausition 1t order or 2"’ ordcr,?

(= ccossover)

Lattice caleulations suqgest et 1%

order, but stil cowtroversial.

OUE GokL FOR REHAIMDER OF TALK :

Su 3395'(' how o ausever +his q,uCS‘HN\

'EX?ERIHEDT&LLY.
Expeciments (u.u\'\ke attice cal culatious
or (Swology) have nouiero baryon

density.- Ged -\-réas"u-f-fon upsets
cthesis, making

Co&walosica( dd‘"ﬂ ,
( 2 covests)

bia mewc leo $Y
‘meonsistrent wiFh



LE5HOLOGICAL  COMSE QUENCES 7

NObOA?_ hQS froPasd o
533«.4.«\«:! G‘c oL JM@‘.&J
QcD trausifion th e

Carly uuiverse.

BoT ' .
. 4 Sirst order 4rangition

gerews Up bi% ba.u.g
nuc.leost,u'f'kems. |
. This 1s 1k cousisT £ with

= not I order, _

This is cousistent i what
we bLave seer previously.
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 r-bubble spacing

H = B0

T 1T

TTTr

)
T T T

T YT F T
i = | 4E-10

LSRN RY

(T3

FiG. 2c
F1o. 2—{a} Limits on r and 5 dus 1o the light slement abundances, for R = 100. Curves show the most genesons limits forf, = 1/8 andy, ~ 1/64, and represent the
following abundances: *H/H = 1.8 x (07% (*H + *HeyH = 1.0 x 1074, "Li/H = 1.4 x 107'%, ¥_ = 0.22, 0.24. The dashed curve is for ¥, = 0.245, The batched
area shows the region allowed by the light eletnent abundancey. (b} Same as Fig. 24, but for R = ltl!i[c}SzmzuFi;h.huﬂmR - 105, F, = 1/64.



THE QD PHAE DiacRAH

‘-') M“‘.'-M":'-O mS"'“

‘r | ﬂ("“\-r'"‘-"; 9 leons
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M}ng T ™~ - TRICRITICAL s o red
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heV
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ONDERSTANDING THE _TRICRITICAL Po/iT

- Near +ticeitical Poiu+, 3-D effective
‘“\Oorca with |

N ~ aly,T) 4"* ’9(/‘:7) 4" . ClpT) ¢‘ |
b_?_e \ Zml order a5 befere rC)cy
b<o \** ocder Phase transition at some
=\ a0t reyy
O¢rit
A<ldeeit
¢

LAY
acheo: tricritical pot. [

e E{fect of Sluchations ?
"W Q‘ ‘H«m‘a [}, 493, £lee ket ons a“(j
leed to (oq correclions Meau Geld
o bical @xponets correct
* Mg 30 = Ferw linear wm & .



Mu,a #0

) nd
2"  ord ar —» crossover
T Teicritical o 2™ order
| *order —» % 5o

. S
At @ @ Mqa FO (boeause of Mu.f*é)
Mg =0

3D Tsng model wtwers.r,é, closs
eq liquid -qas ccitical point



LW RAT ABDOT T RE STRANSE QUARE ?

T

: s ~ Physical ? |

My < PAySical

L\___’_,

- Effects of ceduci inegy
) @ sucked +o'|'he IOG'I'

0) ‘9**"y business at Iarae /4 (uM-IT)
TS experiments were b detect
Sianatures of ® . learn that
toswolaaua( ?kase travsit on ﬂb"'
firet o cder, ie crossover,



T#O )'/1'-'-"-0

o Vertical axis
® We Kuow o ,2.+ -crom lattice QCD & —>

¢ QD describes a transiton

FROM TO
4as of hadtons ' plasma of guarks
' and 3luong

o rhh d\im! sywmekj wo'rhe clul‘al Slduc
bddlb broke, ' almnﬁs‘f testored.
o T = 76316 MV

° The +ra.ug'tion 15 @ smoO'H'\
Crosgover, \ike Tonidation of 2% 3
oL urnuﬁ in a harfow f‘au.sg ,{-1

-EE M, Z' Phgsccaf ands n e

VB In world u:l'f'k M,z Md 2 Ms,|B¢leld
crossever & Mg > 1!;—"' evical” | olicut



THE DIFFICUTY wiTH DENSITY
Why are we sti] asking basic gueshons
 abodt QD at highpu, lowT, like

“Ohat s symimetry of graund sre ?”
NGO LATTILR CALCULATIONS

M0 = lompley Euclidean ac\‘r'an. |
= Sign problem tuat Mmakes 4.4:3:“/&5
of staudacd Movte larle AC .
Equally nasty Siqu probles cau be so lved

Vi

in simplor systems. wondeeceklaran bisace
sisn problem may alse be evaded :

(o at small V, small ppr SN
Lo caleulate ot Tmu ; continug obaarvabls,
Works at Mfr ¢T3\ can be large.

G, i‘&*f’(ﬁ:&ur& .PZ-: f‘;,pggﬁ_ % A’E—f!;@ [pu,;;&,((f

may be used to locate c¢rifical ponf,

° Modu'Qy t+he Worg . (olot quorcouduc\‘ivi
studied ou latice for NIL % Qcd QSN2

MO EvAhsion PoSS IBLE FpR %ﬁfif- MP>T
o wuse smeallness of 3 a'f',u-bco
o 16e MO at accecsible At .




THO 5 ;t #0 5 M/7 WOT LARGE

o reqime @xploted by heavy ion
tollsiong |

® Very recently , we are s'l'a.r'l-'mz
to leacn about 'l'h'n.s \"esime Srom
lat+ice caleulations That
N\S on swallness of /u/'r'
ar- keep ‘SCrn.on $o3u pfo bkm

wudel Coutrol.
o these wethods Haaly be used o

_ locate tue ....

CRITILAL PoiNT, a Juﬂ order
Poiat 'm the phase dlagram where
a liwe o# st ocdar traugfions ends,

( Locotion 13 sensitive o g wark
"messes, Moves leﬁ'wad BS hvsSeS b)



THRER NEwW LATT/NE }1ETWoDs

@ aeweish'f'?na, FB&O\' + Kate
Wat physics a'l'@‘.-'.'-.[/l, 7:,)
Simulate ot Bz (20, 73), and
“rewelqht"”: lump difCerance detvm

Phy sics d’@ aud @ wte
Dbservables .

DiLS CuH'ij ~ €XP "‘F©‘- 1._%__——-\‘1

F+K choose Ty to minimige £
BUT: connot use metkod
P large velumes.



Fodort Katg

.j ITTrIIIIIITT i IrlTT—lTrq

170 *—H{HHH{ quark-gluon plasma__f

5 HHHH endpoint
160 :-' ]

E hadronic phase ' .
150 |~ ~

—_—

1 l4¥'¢1 L l_l LIJ L Ll L_I_L,__R_L

0 200 400 600 800 1000
pg (MeV)

T (MeV)

o Terossoner (/A guite & lat.
¢ Clam to locate exd point J
CAVEATS ¢ V= 43 43 8% is swall.
(makes me weudcr how they
bated ed point so accurately.)
o recall : can't ao o V> o0
* N0 Coutinuum th?olaﬁon ‘aef‘
o light gquarks kot light exsvgy
(= end poiut too far right)



@ Con'hmc Lo lMﬁslnarea M
deforeraud + Philipsen

stmuld'c ¢+/( = ‘/“I N Calculafc
Te (}4-;) 5 'Ta.sbr expaud

=Gt Gpur Gy

evalid Loe /“3 LA (ukowe\
T 3

¢ Good luck!] Cy,Ce, ... Tarms all
Siall over tuis "‘“‘3(

. . 'bal&l% continm @ ; |
T, (/u) c Cp - C‘/ﬁf - oo



evalid %or My £ W3 ~> Mg £ $00 MV

"Mame © YT MY 5 phope ~UD MV 5 pay, 00 by

o 50 Sar , douwe at Sairly suwll voluwe. No 2b
\I-;ﬂ. (Uulike 5&4,,..,.)4.{‘ ly M‘M:)Sﬁcfe'fb

s otder of e
+rangriion i
Can be studied >”—‘? j
vie. how T¢ S
thonges with Vo T | §
+ seardn for Y
 er'thcal pomt B B s

Figure 10: Location of the deconfinement transition corresponding to the first fit in
Table 1. The error bar gives the uncertainty in 1.(0) used to set the scale, the dotted

lines reflect the error on ¢; from Table 1. d R
Telpg)  agrees quaubtfively e forcrand

witn Todor + Kate. "FPlytness 'P"k\ \'ps en
| toulirmed .



| @ Coltulate 3%“‘1] \/“:o‘

Aldon it fauds Karcs marek Larsch Laersani

(“Bielefeld -Swauseq "y Sehini 9F
. 3.‘12 agfees wrth Fodorriots, Philips ou
op 1 detorcmn
Ma;+/7' |
ol | | Schuwndt
O_DB r crossover i d a(
phvs GZ‘_ o istorder *
Sl B

oM goes from €71 ordel fo
crossovel.
| PR 47H QISM fot’ Mg M, Md zﬂ“
*¥For {un, let's extrapolate ...

(Thanks o Shidt for help; apdoaies Yo
%k‘?m Lot ¢L\=mw¢-%'.lfi P.‘io%

e 3..‘[ m‘v at whicy +r¢.u5’rﬁan]
d



| (AP o =L3°5) MA.?ﬂ.O =3&“ .Cam. ..-.J\ :.. JVIWY)
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(Qr0 pras e |90 J0%) Sy



LocATivg THE PoIT

. Best quess at prsat s Thef
citiaal point Ues Ap Sowewhere

arowd 600 Me\. _
o effor estimates wucertfain aud
| larse. (Vot af all ke

Calealatt ing Te . Yetb.)
o progress is all of a sudden

oCcurfing Very rap dly ...



WOWAT DO T WANT TD LEARN FROf
HEAVY I0N (OLL(SIoNS?

‘) Where 15 o7 (1% o ;auud,ﬁ//s
us transrtion i1s crossever on

vertical axis.) _
This 's one exawple of how +o

use h.ic. to map the transition
Fegion of +he diagram, I others.

(D) Measure physical propertfies

of Q@GP phase , as far above Te
as possible. T here is { or need be)

no .‘;lmrp \ine between Q6P + ‘erog
CE: .!om'cia"'?on o-? - SG-S. '
As there, we waut Yo

measute Pphysical Plroper ties
which are eg?ee"'d +o be vers

Aig‘cerer‘ -q-or' T))Tc vs T << Te.
T will describe one exam ple.




HEAVY lOoN COLLISIWS:
A BRIEF NTRODUVCET/OAN

o A pichure worth /000 words o

¢ Sequence oF events: _
) ¢collision leaves lg}_s of %luous +

quarks at mid - rapidi *y4 |
i) seattering ther mali tuHon (7)
- must ‘be rested erperimentelly
64i) hot Siceball expauds , tools, %/t‘o«,
. Some track on phase Aiagrosm
é‘v)‘FreeaeowI-" . alder whick hedrons
( wosty Ppiovs) -Gla ouctwants into
detactor. [ Much evidence Srom SPS
suaaests fual shete at freezeo -t
"$ had ton 545 w'r—f'h “%“;”6@“
momenta. 1 '

eWhat does utslnzf w llision cu«& &77
¢) Msw yniHal T, we kope |

1) lower baryon #/eutropy = lower i
1) NOT hialer Sreezeowt T



H CLASSES OF ANALYSES/veNATURES

@ MULTI‘PLICITY. Dc'l'aruiud 63 how m.“a
"Pa-l‘"'ons released n initial s+¢3¢ of
collision , and alse 1o some (Swmall ")
ey bent \,.a how thermaligation occurs,
but net by what happans later.

Tells Yo mere about Janamcso{?
hadton collisens aud about wave Gau(#.,

ol meident hadrons thau #t does about

properties of hot gquark matfer. __
¢ Analyses of Ccn""ro‘l"‘*a- auel ;:{Eg':s

(o\lision-e.%O"BY"ePW"‘e ot s“;&ﬁms
Mul'l-'.plicn‘-, uS'cug gn,": P‘\gﬂcs
of wave -cuucﬂon 5 meidext nucles

(“s;.r"ura.'l-ion se'H"ma wn Caclier In
') ha.ve been

Nuclei thon 1a nueleon '

Surpr‘ns'msltj $eell OSCCJ.

= not aw '\n'hr'csﬂus sisuaﬁare
for our Purpeses



| @ Characterize hadronsg 4" Cne&«d‘-
W as maky weyS as You Can:

¢ Catios, gpac{-m’m.parﬁde Mﬁu._
* learn about T, M expausion V"“i"ba
degree of equilibration, ... at freeseout

¢ Done n areat detai/ @SPS » @LH/C
o one @xample :[PoBos, PRELK, STAR, 8R4,
S:1%06uN: Ph~ .68 = ity ~ YOHV

Vs = 2006 5/,;“-7{'*//3‘“30 MV
€5: Bhp~.l Py vigo MV o SPS

* Also, from spectro.
’ w 100110 MeY (¢€ 120 @523

{ Ve pansiony ~ b -.7. (£ 'q.;@s)g‘

o These observabies tell you where
on twe plase qu'cafhus Creepeout occu
* kd, tuey are o P\'N'OQHB%O fo....



Vs =

\30)9 RRIC ., Fi+ many catics - freepeout at Mg
(o0

-‘H MeV
¢29)

More evidence for equilibrated final state -

N l
;‘E [ B0 AA BT T/0 /e KKK/ pi KO o/h’ AR ZMUT0 ¢ plp KK K/ piati/h™50
- — = =ay :
_ =i, e e F T A R o
o % STAR kil Hy
=3 O PHENIX =
= 0 PHOBOS — <~ :
— A BRAHMS -{r‘ ; g
B \Spy=130 GeV S ’ \[5ry=200 GeV
2 Model re-fit with ali data _+_ :[ Model prediction for
107 T=176 MeV, i, =41MeV i | T=177 Mev, j, = 29 MeV
— Braun-Munzinger et al., PLB 518 (2001) 41 ' D. Magestro July 22, 2002

Observed hadron ratios in agreement with thermal ratios!
T(chemical freeze-out) ~ 175 MeV

5 Lton otk bv B Jacak



e 7 @SPS. Fit 4o mewy ratios > fhy = 2924ty
Particle yields at 158 AGeV (fived fa rqef)

[t
=
[

All total yields measured by NA49,
including final results

for K, ® and new preliminary €2,
fitted by F. Becattini

SpS Pb+Pb collisions 158A GeV/c B-.m
K.~
At
\ " ®
e K'K

Multiplicity (data)
5

Residuals
v
H

, . 0 4 3
Hadron gas fit with partial : R ; :
' S ey o % L g

strangeness saturation describes Fr KKKp AAG EEAGD B
multiplicities over several
orders of magnitude

All multiplicities scaled to 5% centrality,
using the ratio of pion multiplicities
(factor 1.08 for 10%, 1.38 for 20%)

Quark Matter 2002, Nantes 12 _ Marco van Leeuwen




Chemical freeze—out in the T—y, plane

40 and 80 AGeV vyields also fitted
40 AGeV 80 AGeV 158 AGeV

T (MeV) 148+ 2 155 £ 4 150 + 2
pp (MeV) [ 377+£7 294415 2445447
s 0.754£0.02 0.724+0.03 0.82%0.02
x?/NDF 14.8/4 104/4 235/ 11

Ns: 9

fits by F. Bec!xtt ni

@ Freeze—out parameters on a
(relatively) smooth curve

@ Curve approaches phase boundary
in the SPS energy range

® Even at RHIC, the parameters do
not enter QGP—phase

Vot
>
o quark gluon plasma
~ 2001
- SEORSO
X d
amc"\ﬂ &
1001 PSS - hadrons
m NA49 -
" A SIS, AGS o
* RHIC ( nué
0 | L LL
0 500 1000
iy MeV)

Cross—over line from Z. Fodor, S.D. Katz hep—1at/0204029

Quark Matter 2002, Nantes

13

Marco van Leeuwen
D ——



- ABooT THE P | T

Owe (of saveral ) @xaiples: _
SEARCH/AG FOR THE CRITICAL POINT

o Raussian event -by- event £ luctuations
of specific observebles, caleulable
m wmagnitude, predicted Jo occur
" +hose+ coll'is'io?s ‘(’h:: P°‘s°;~0¢r'
e critical pout as they OO
Stephanoy KR %T:ak y Mw‘)ﬁo’:} KR, g‘lplﬁa\l
by varyine collision eners s,
and Search Tor enhawement OF
these 5Pec'|¢u Lluctuations in Some
window W Jg, i@ m M
e VAYY, CERES analyiing ducto. ok eu
o TE =4 R, 17 6eV. Regubls expected
pu ~ Yoo U HeV i July,
. RL erpts. w1l ertad search to
lower M.




By vargina (ie lowor‘wéh ts ewarsy,
CERN cau look For e, tne E0DPOW
o5 line ok l“ om‘er +rau sifionsg,

Q“a order =P u.u'cve-rsa( preAic-Hous_
#3ssV; Stephawov, KR, Shuryak,

(Bcrscs ,k-e ’
Waut siguatures wohich are like
et ¥ caf opalesccuce m the saense ‘Hoaf

+h0'1 re[\a on lona wa,qel Qus% -F(u Cﬁlﬁ"'fﬂ
ocwurrl ) ouls near e |

look Sor §lu ctuotions W
approsriate observ alfes ( constructed
g o B oS pious) +urn on,

Lrom
ond Then turn oS & as o 5

appProal wed aud Tthen PasSd. (S ‘RS)
CERN can Find o F M 2287 MeV
RHC cow Gnd e T Mo £76° MoV

tdl' 4 exper meuts can p(aa -
vole . |



SIENATLO RES

(S'-l'ephanov, KR, “tuﬂack)
NAYQ o CERES (at(ERL SPS) aud
STAR ( at RMC) cam measure < Py) of
~ Pions in one evert, aud hence cCan
- Measure event - by- event LluctuaHang, = FI6
Date consistent with Goussion

£ (but nod U)

Thermo dynamic £luctuations;
Freeteoutr Seom eq,u'oli brated M.unic §98.
[ASIDE: Data severely comstrain various
fon - &g b pessibiifies, ey dec. (WA %)
A Sac.Srom - €q b chical trans rHon |
> Disoriated Clival Coud angate (’wsc-ﬁ ”’W"i
-» larsc n-no/ﬂ,u. §luctuations
at low B,
—P Non- Geussian e.- by- e £ luctuations

of &P of charged pions.
NOT SBEV. Twis exhends WhaS s null result

Ltom direct searcdh Lof Nne/ Np+o 'ﬂvd\.h



T T

' 80AGeV/c ' ¥ 158AGeVic

10F " 40 AGeVic k

1 1 S, SV PPN b { 1

0.5 + ¢4 ]

0 53 04 05768 03 04 0508 03 04 05 06
M, (GeVrc) M, (GeV/c) M, (GeVic)

Fig. 3. Top : Event-by-event mean pr distributions in the 6.5% most central events
at 40, 80, and 138 A GeV /c. Circles show the distributions of data events, solid lines
indicate the mixed events. Bottom: Ratio between the distributions of data events
and mixed events for 40, 80, and 158 A GeV/e.

obtained by event mixing. The mixed events are constructed from particle
momenta randomly chosen from data events of the same centrality class. Only
one particle per measured event is used for a given mixed event, and the
multiplicity distribution of mixed events is generated by sampling that of the
data events. We calculated T,, and @, for the mixed event samples and
found them to be consistent with zero within statistical errors at all three
beam energies. '

The mixed event mean pr distributions exhibit a Gamma distribution shape [23).
The subtle but clearly significant differences between the data and mixed event
distributions are emphasized in Fig. 3 (bottom), where the ratio of the two
is shown. The real event distributions are slightly wider, indicating a small
but finite non-statistical contribution to the mean pr fluctuations at all three
energies. A preliminary account of these results was presented in [24].

13 CE:;S ﬂ““ -ﬁ'/a'ZDS'ODL
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ANALYSIS OF “WIDTH

| € s (Nt (4<Prddese Wik ot real :(,,,,
o ) ekt dh of mired
(‘hl') |Mlll9y¢ w‘.v.“* J?é. .
‘THeoRy: (Gasducki, H""’"tl"")“. SRS, LAYS)

Bauilibricm now ceiHeal Sluduations
>F=1 « (-2‘/,)- é-l"/.) - é' (I-Z)./o)
? ’ t

classial  Boge  ene evperi mavd
ideed qas € con:ﬂv ation effocts
- w a finite (+reck
Systens ces olution)

tllects of correlations iuttoducad by
resonance dacays awd by Huctuation I
Llow vclocik, are £ 1% . |
So, Sceeseout Srom equi li brat et hadron
aas  NET nesr critical ponet
2> Fwtuin lor 2% d1,ad

"o \»rhms"*“a Aepcudewc on Vs .

DATA CoOPSISTROT WITH THIS ...



CERES uses a vsriable Z-ﬁ_& s(F-1)

g (MeV)

500 400 300 200 100 50 25
T

— [ I i 1 i 1 k
52 [ ® CERES, present data :
~_ 2~ % STAR -
2 | — RQMD -
2 N UQrQMD | ]
1.5 .

i i :

0.5 .

of -
-0.5:: 1 i1 1 H - bt d I)I “l-:i

10°

Sy (GeV)

Fig. 10. The fluctuation measure L, as function of \/syx and of up at chemical
freeze-out {30). The full circles show CERES resuits (after SRC removal) in central
events at 49, 80, and 158 A GeV /e, The brackets indicate the systematic errors,
Also shown is the STAR result [31] at \/SN§ = 130 GeV which is not corrected
for SRC. Results and statistical errors from rQMD and URQMD calculations (with
rescattering) are indicated as solid and dashed lines, respectively.

the critical point of the QCD phase diagram. At SPS energies and for the finite
rapidity acceptance window of the CERES evneriment, the fluctuations shouid
reach values of about 2%, i.e. more than thre: rimes larger than observed in the
present data®. Most important, no indication for a non-monotonic behaviour
as function of the beam energy has been observed. This suggests that the
critical point may not be located in the up regime below 456 MeV.

The results from RQMD and URQMD show rough agreement with the data,
except for the URQMD calculation at 40 A GeV /e where X, is negative (see
Fig. 10). We note that a positive value of I, = 0.3873:11% is obtained from

3 The predicted fluctuations in the measure +/F = 1.1 in [13] corresponds to about
2% in T, in the CERES acceptance [33)].

, CEREY nNucl- ex/p325c02
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,Ezpeﬂ mey tefg ﬂo poT M CeSs u.re(;uRzue

of order pParawmeter itself.

Must calculate efSects of crifical
'gluc'l-uak?ons of LTD> on momenta
ok 'P'aanﬁ. |

Resu LT: _5_3_‘_ \ | 2
'; — 1 + (~ ,05) 3 Sm sroeeooou{)

=2 wncrease n '-0"4“'6‘ oy &axssion
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() sievATURES THAT Aow You To

MEASURE PROPERT/ES oOF
#OT QUARK- 6LuON PLAS HA

. +Le 504( of R#iC experiments
e Not a “3¢s/no gu@sh‘bn" Sihe@
trans;tion Iikelj a clossover ot
small . Goal is To measure
propartes thet cou be compared To
Heeory , thus teacking us about
Phase &iasmm.
* T will degeribe twe (relai-d)
Cramples. _ -
“elliphic Slow”
et g venching’



| BLL)PTIL Flow
> O Sism'l-urc '.uJinna erteut
of ﬁl gguilfbmﬁon .

o Felated o PpPressure, (oot as
Simple as *a wessuremud of
e pressure’ but that's Tue
Cote '!JGAJ

¢ look at non - central collisions;

. N
i
. ,
./

-1 e rescttaring ( “suem o lo%s
of mdependad ?-p") the
‘9\“-[ 9&"" MO e nte. AU ;orm%
Msttibutad w adieuts 4.
- Tegcathering » equi librafion» press
-pressune” arediads = collective L,

o +eatuS Hon Qwise '“{D
v AP s 7




Early state? a barometer called “elliptic flow”

Origin: spatial anisotropy of the system when created, followed by -
multiple scattering of particles in the evolving syste
-spatial anisotropy — momentum anisotropy

v,. 2" harmonic Fourier
coefficient in azimuthal
distribution of particles with
respect to the reaction

lane
P Y by
~© o
~0/®" o —
- c—o.__e
Almond sha X —0 ©— X
} —O o,
overlap region
in coordinate
space . (y* - x*) v, =(cos2¢) o= atanlpy
( +x°) P

*\y 3 i wmeang dwite ad
mew 2 s .

i6



Hydro Calculation of Elliptic Flow

P. Kolb, J. Sollfrank,
Pb + Pb. b=7fm and U. Heinz

.10} Equal energy density lines - 2 S|
40 5 0 5 10 o RN
X (fm)
n 10 »
10 5 1 ¥ B o 5 1+

X (fm)

* Elliptic flow observable sensitive to early evolution of system
* Large v, is an indication of early thermalization

AR Bllllﬂlﬂlﬁﬂﬁll

02/26/2001 Thomas Ullrich NATIONAL LABORATORY

¢t suPerPogifion of P-P Colhﬁaus for Wk T30,



v, predicted by hydrodynamics

] mé” l] U - Hydro Calculationg pressure buildup —
- ﬂ Huovinen,] losi
_ o.ns%+ ¢ y u P. KOlb, _: | explosion
o0sf- P 4 U. Heinz - happens fast —
- § : early equilibration !
e PR%JG’(AQES” 402 s E

central—  Men/Mm. 10} b ST‘AF{

Hydro can reproduce magnitude £ | _™9%° qas
of elliptic flow for 7, p. BUT >N | — RG+QGP

must add QGP to hadronic EOS!~—_5}

Similar conclusion reached by
CM Ko, et al., Kapusta, et al., ol
Bleicher, et al., among others... 0

{ulk by B.Jocak

/3



o hydro calculations based ©N
assumption of loca| @guilibriuim

o hydro has never asred with
dota. before RHIC. (At SPS,
fD-zJa'\'a - % v, kydro)

o &t RHIC, hydro does aped job of
daseribing b0t spectro >
aud U3 except at most
periphenal, where it has To fail.

® Success of hydro descripton of Vo
Méans resca++¢r1u3/ Oq,u}l;ém‘ﬁ'ow ﬂ‘\;‘;
ie “hydro beqis to apply ; EARLY,
before 4ree S'H'&niua ciccularites (),
'By 1+~ 0.6-1 -gm, o.ccording B feint.

> Cﬁallep# ‘o +k€or§= how Cen
eq, ilidration aeccur so q,c-dcllj?



Hadron py spectra — all 4 experiments!

| 2z - s STARnr e Brahmsx
Zl - ' m STARK = BrahmsK
MR A STARp A Brahmsp
: 5 ¢ Phenixm~ ¢ Phobos{x+x' )2
m Phenix K & Phobos{K¥K'V2 |
< 10 — ph
& _If_l 10 s . & Phabos (p+p)y2.25
G L™

BRAHMS: 10% central

10 PHOBQS: 10%
PHENIX: 5%
10° STAR: 5%
o s
3 *%%
200 GeV/A AutAu ?“ﬁ.ﬁ
4 [N VOV VS WU NN N VN TN N U T W TN SO UHN B TR DR | L 1
105 0.5 1 15 5 3
pT (GeVic)

Protons show velocity boost L to beam.
Expect if pressure build-up due to rescattering

Data well fit with: T, = 110-120 MeV & <f,> = 0.5-0.6

[3-



Pion and antiproton pp spectra, for various
centralities

Heinz and Kolb, NPA702,269 (2002)

o PHENIX-
—— hydro

1/2n dN/dyp. dp. (GeV~?)

0 05 3 15 2 _ 25
P, (V)

+ PHENIX
. STAR
— hydro

1/2m dN/dyp._ dp._ (GeV ™)

4

P, (GeV)

e Nice fit up to b =~ 10 fm and pr =~ 3 GeV



o Hmegale For egm'/;bm Pou hes
been talc luted from first principl
using perkertwtive @D Hor

ollisions with Vs>,
Baler Doks hi+eer Mueller Son

° hot under coutrol at R )¢ cn-c,,;p,
(“Ob low .’), bt ;'c you ‘P’/’
their result auywesy, find
tﬁ,bm ~ 5";»! Buier o« 2F

e gualitative lesson from data is

| +hat ec;uilibraﬁon s Taster Than

Perturbutive,

e Good! Th legpn WO §

of 'ouser, R We would tesch

us less about hot Q¢P.
(Would eguilibtate o lower T.)



\’z V§. PT

o EVPu“' Huat {or ‘Pr>|___| >
 Particles come from witial

hacd Sca'l“f'er'uas, ot from
twe ey p'oﬂiua A& P.

¢ hydr should Sail ot high Pr.
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o ND, woé shall 8¢ W « BH....
o need now way to wndersted

Ne at MS’A PT""
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V, VS pt (200 GeV) '

0.2 L LI L] L E L L L) T 'I T ¥ L] LI ; Ll 1 T Ll I L L] L] L] I LA i 3 T '{ L] ¥ L] LI l Ll L) 4 L]

0<n<15

200 GeV Au+Au
e
+

"E‘+
- Averaged over centrality

- PHOBOS
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o 0.1

0.05
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vo(pr) in minimum bias collisions

Heinz and Kolb: hep-ph / 0204061

Charged hadrons:

~ 25| ¢ STAR ]
& | 1 PHENIX Pt
>" 20, — EOSQ E «
--- EOSH 257 3 i
15} | i
10}
5t
h+/""
% 1 2 3 4
p; (GeV)

e data reproduced at low pr, deviates above 1.5-2 GeV/c

Yo £ 26eN : particles from
the éx?fodin% RGP; well-

df;cﬁw ktodl‘babvww'cm“s
.R'Z 26eV ¢ Particles feom wt Hal

hard $cathering

S, not

described by Lydro



v,(p;)

v,(pr) up to 12 GeV/c

05 ~ 05
| A
0.4} charged particies, 200 GeV - %‘ 0.4 charged particles, 200 GeV -
| cenirality: 0-10 % : ] | centrality: 10-30 % ]
0.3+ . 0.3- .
0.2F . 0.2- .
0.1 u:.-‘h.
O R 1] - IS P
Preliminary Preliminary
0.1t . s -0.1 . — . .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
P (GeVic) Py (GeVic)
05 — _
04l charged particles, 200 GeV ] * Statistical errors only
| centrality: 30-50 % )
* Finite v, up to 12 GeV/c
in mid-peripheral bin
o 2 s 6 8 10 12
p1 (GeVic)
ﬁ‘ﬂ Kirill Filimonov, Quark Matter 2002, Nantes 15

e



ENERYY Loss

2P eolision Vs,  Au-hu collision
o ,
- 4
3 ._‘-_g-‘-q'
L/
Y106V plon ’

s Evpect Sewer high Py Pions Au - Ao
Huan w suparpositon of P-P 4
8 For 33& P ‘Ptl'"'on 3 T. »? TC- ) i

" calelable §rom Sirst principles.
Buier Dokeeiteer Mudller Pannd $ kG Pakhardv..

6‘7“\"“\/ WM\J “wee
o Tor Q&P with T~280 eV ( not

iy BT erpat 4 510 WVl
o For ¢old nuclaar Ma-l-'f*r,% ~oS§ Y,

(BDMS ; also, Waue ehal & aualysis of Here
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e For an cq,udlibra."'d QG—P, "i
$ & measure of /4"/)‘ ,
J 1 invarse ﬁﬁye lus-[-t.. (J«so"&)',:
A ¢ daverse rausport memn free puth
. .B_%If See'ms (a.rse aE/Ax &e,
DeT mply equilibration . Tn

essenl e, JE/J,. ea sures
number &ov-s'n‘_y oF Coloted aﬁ}oc'hi
* Enerqy loss looked for oud not
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o Hag 't been Seon act 'RH'IL?
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- har 4 Pplons must Come from witial

hard scottecings,  cgeV
- ther mal probab}li+5(03 e *°° "’)
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- eneray loss small at SPS _
2 hadconic matier at late tHimes
at BHC hes lit#le effat

- seen, allows us fo measure
o chatachuisHe property of
war k - gluon plasia,

- will need o compare p-A & A-A
and dilferent energles, to furn
emc"- on - o ; o 'Pullb Kullrrfn.d

- theo retical progress also mas Aa"vrg
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a unique probe for physics of hot medium

schematic view of jet production

Probe: Jets from
hard scattered quarks nadrons f /. / teading
Observed via fast 1
‘leading particles or «/’
azimuthal correlations ‘7 l\
between the leading hadrons

particles leading particle

But, before they create jets, the scattered quarks radiate
energy (~ GeV/fm) in the colored medium

—>decreases their momentum (fewer high p; particles)

—>“Kills” jet partner on other side
— “jet quenching”

‘ta-“'-\ by BJacak



Au-Au +s =200 GeV: high pr suppression!

U < Y Moy D ot _ Yield /N
| N R, - ' -
PH.4+ENIX Yieid,, A Yield,, /2

o Rev = Nom AN /dy
A NG AN Idy

&°  Fnucl-ex/0304022 | ® Central ° (0-10%)
°F B Peripheral n° (80-92%)

N
3

lllillil

R,A(p; > 4.0 GeV/c)
[ N

0.8

060 T £ - . R= ..... e
M NAul . AN FTdy

o4 @"%O‘éQO . J + + 0.5 ’

0.2-..... 0000 §++ . e °

Au-AU nucl-ex/0304022

RN TR SN [N T N VORNN NN SN Y NN [N TR S WS N S B WO 'D1:|:||1||[i|i|1!11|i||r|1||1||f||||J|

0 50 100 150 200 250 300 350

p; (GeVic Np art

-
TII'IIIIII!IITl!lflililllll[lll
: — :‘.
— !
—— |
—
-

QO
N
-9
&
-]
S

19



SEEW ¢ TETS, AMD Iers
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result at Ouert HMatter 'ZOOZ
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Peripheral Au+Au data vs. pp+ilow
C(Au+ Aw)=C,(p+ p)+ A* (1+2v2 cosRAP))

03—
o~ - STAR 200 GeV jA 1 |<1.4
© ‘ s 60-80% Au+Au
% + ——flow: v2 = 24.4%

E 0.2—{ | | -—-—-ppdata+flow !l
vx F+_ i " +
S o1 L A is

@ [ 41 w +
F | +
[
™ o
[ L f 1 1 1 | l 1 1 i | | | 1 [ F . | 1 l l
-3 -2 -1 0 1 2 3
A ¢ (radians)

July 23, 2002 David Hardtke - LBNL

amular
correlation
of R YL &N
pacrtic los |
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+riaser
Particle
wih BOY,

i _:S?t R



Central Au+Au data vs. pptflow
C,(Au+ Au)=C,(p+ p)+ A*(1+2v: cosQA®))

—— STAR 200 GeV A n|<1.4
z + « Central 0-5% Au+Au
flow: v2 = 7.4%

Y 16
o~ U — pp data + flow
pd 4 -
go
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| | i ' ] | H
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jet correlations: Au+Au vs ptp

Peripheral Au + Au STAR PRL 90, 082302 (2003)
— STAR 200 GaV |A 3{<1.4
© + 50-80% AusAn
% ——flow: v2 = 244%
E 02 e P data.;gfﬂow
o
g .
g o 165
f 145 _
= o 312; near side T {
Jtt b biaa s L dao v Loy gl ?13 : %’ %
4 2 4 0 12 3  2oak " T
A ¢ (radians) & \ 3 _
Central Au + Au < o4 -
- STAR200 GeV ] A1 [«1.4 0.4? ~+~
$ TERA e awse T Ty
2 16 ——ppdatarliel R S RN R ENY ST RUNTI AR BT
% i % 0 B 50 100 150 200 250 300 350 400
5 peripheral central = Pat
z | 2e Back-to-back jets are
oo eveveeeie oot suppressed in central collisions!
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JET OUENCH /N &

o the ‘p‘;dum ‘“SS"M _'ls."

v Righ ?; pnr'}ubs detected ol
come from hacd ’“"H“"'as
oceurring near The surface,
and only Leow The oufwand jef.

‘IMSe'mj , omd yuteriof, jefts

quenched. ‘
o Should see Some buck to back jefs,



CoRRoBoRATION (1WDIRECT)

o Centtality dependeuce o
Guenchivg of couvter -jet
aud of %5  swmilar

o PhoBas pbserves thet
queuchiua ™ of CWS@J
hadtous s enoush Yo HFura
the expected N::f{_ dep eudonse
on ceu+raf:43 for parfices
Pioduced ‘m hard 9ca'H-¢r7k3
M"‘O dld'a. n N'pqﬁ»

ch.r'l- 5‘*\'3 (

ﬂ@N
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Suppression: an initial state effect?

® Gluon Saturation probe rest frame
(color glass condensate)

Wavefunction of low x gluons overlap; the self-
coupling gluons fuse, saturating the density of

gluons in the initial state. (gets N, right!)

gg—g Ty
Gribov, Levin, Ryshkin, Muslier, Qiu,

Kharzeev, McLeran, Venugopalan, Balitsky, | | ~
Kovchegov, Kovner, lancu ... Riau 0_'5

_ D.Kharzeev et al., hep-ph/0210033
® Multiple elastic scatterings
(Cronin effect)

Wang, Kopeliovich, Levai, Accardi

Broaden py:

- ® Nuclear shadowing

24 | '60.“(. bﬂ %-ltd‘ |



Experiments show NO suppression in d+Au!

ON B B 2 N &GO KN
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Back-to-back jets observed in d+Au

i I ] SITAﬁ #ré’ﬁi‘néry' (3L I I 1 LI I L) LI ] I L LI ]

. . . . . s =200GeV ]
* jet pair production = 0.2 Aein{lrig) <6 GeVie s deAuminbias -
. i p,{assoc.)>2 GeVic
also looks independent < A1 o d+Autop 20% mult. 1
fN o <lani<t. * p+p min. bias
0 coll E |
S
! . 0.1
* observe no (big) W
. S
suppression! &
<
o=
e probably some jet
broadening due to T
initial multiple | A ¢ (radians)

scattering...



¢ I8 all hidh By par Heles
emited from surfece , erpact

“ v, Msom" ”QL;‘;L L
620 metti ¢ ! Shu rgak



0.35 P S — — :

0.3 130 GeV _ oal * %g—ggg 200 GeV, preliminary

] . & - 't ]

0.25 .*H+_+— ' ‘ 0.25':-“ « 0-10% o —— -—+——"
0.15 T ' i 0.15F
0.1 peeae I : 0.1
0.05 : 0.06}
% 2 3 a 5 6 %

Py (GeVic)

Centrality dependence of v,(pr)

e,

* v, saturates for p~>3 GeV/c for all centralities at both energies
Deperds on geometry
but not on 'Pr,fg .

‘ﬁ{‘ﬁ Kirill Filimonov, Quark Matter 2002, Nantes 9

* Indication of geometric origin?




v2 max due to jet quenching
(absorption)

E. Shuryak, nucI~Th/0112042 asf
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WHAT NMNEXT? 1M PLICATONST

loss of counter jet , ie Vseerface
emission «f high Pr wot oredicted
need +o do P-A (or d-A)

tollisions as a contro!

Messure “penettaton Jep'Hl ) (te
thicknegs of reg’iou foom which
Pard, log anPe) as .Qu“d-iou of Pr
* by S¢eing some awoy -3; 0@ jets
o by deviation of Vi §rom
Qaowetric prediction
o 4ilCereut ways of measuring Thig
"waeau fvee pufh “ should ac(nee
» At Wigher Py gee awoy -side
Jets Peemoqe, aud Vi &l
‘Yo 2efo. (this may kave o wait
Sor LHc 77)




e this bea.u'h'fu( exper'meahl d:‘scowr%
mplies  Qraaker eneryy loss — c-e.
chorter mean Qree path - Fhay
predichel by perfurbeiie OCD.

* N q,ualihhye aq neemeut with 7he
touclusion (from Va duta) That |
Fhermaligation is more rapsd Thau ix
pertur bafive QD . '

o +he "non- asympidic quar
belnj siudred at RWIC s n:'ofe |
like a "quark-sluon lic,,u':d- |
Short meen Cree pa-ﬂ,, Low viuos'r/-&,

e Yo theorq 15 ‘o make
q'w\‘-i\u'aue.

k-ﬂ‘uon plasug

o challeng
tuese wmplicationg mere
o at T~2Te, we kunow Srom lattice
thet P/TY 15 within K% of tuot
Sor ideal Q6P; aud yet, we kow s@e,
Meau free pat deort. Need a

caleulation of viscos/ty...



3. SACAL!s conclusions

® Rapid equilibration!
Strong pressure gradients, hydrodynamics works
® EOS is not hadronic

® The hot matter is “sticky” — it absorbs energy
See energy loss, disappearance of back-to-back jets
d+Au data says: final state, not initial state effect

® So, the stuff is dense, hot, and ~ equilibrated
Is it quark gluon plasma? Sure looks like it to me...

® OK, then where’s the New York Times?

J/'¥ suppression or not? Next run
T, direct photon analysis underway by PHENIX
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MOST THOUGHT-PROVOKING RWIC DATA
crossover + twdy s propertes,

. Large adimutal Gwlsuh'opﬂ TV n
non-ceutral collisions, wel ~dosceibed
Gor Pr £ 26e\ by idedl budidynsuwics,
—» Carly rogcattering § equ likrefian,

n PQCDJ b% £~O,6-1.0 &‘-. |

'"“'“’.‘:‘"r - ghotter W &u freQ M‘H!"'IC"""P

a i \ &xD.
hdu?:':-f.- o] N iscothly %:::h P(mm oC)
o for Pr 226V, VamJoMETCR BT

= Surfuce ewission

—» Yot M5 P even ot larger Pr.
LMPLI LATIONS ? * heed now- Pert cale o ’)L

o 4~ :‘-‘_— \n choastawuplﬂeﬂ N=Y Susy ad

E T o+ Jarinets, Uiy AdS/CRT).

¥ Cperturbebie . mipe 2 a2,



Have e RHC exPeﬁm-eu(-s'
discovered The

QUARK- ¢LUoN LIQUID
__——-—————_-—___'_

¢

(In « plsma, mep >>

aud q,uasopnr'hc@ &nﬁ:& <«

meusces.
To a0 liguid, the > aud &
are ~

VY. Jor T larae euOus‘\, plcD
ofk$’ M‘?P ~ -—_-l-_ 5 anrd f‘]e

k6L becomes a QR&P.



406D QUESTIONS ARE V4LuABLE

WHERE 16 ®7 | .

-ans wgr}né W4 wou.ld Gt(O\J' +M$.l"l'on
reaion of QCD phase 'A\aarm 4o
be mapped with confidence

- data just haken at lower anergies
(oPS) awd higher enerqy (RHiC)

allow us +o seacch ...

HoWwW KUCH EANEREY DO HARD QuaA RK!

LOSE AT RHIC?

-snce Q6P not bounded -bs sharp
line, need o cperational definition.
This may provide one.

. Probes o property of hot quarks
and 9\uons Dhich can be calwulated

Scom QOY Srom Sirgt PFI ncip/e;,

- Very ‘m{-crc;.'l-iv\a pre.l'm‘mars data ';ram
Stou tuned ...

RWIC., STey
EXPLORATION oF QD PHASE Dl AGRAY
(& ANPER WY



LOHERE ARE WE 6Go/NE?
+ lattice ¢ et both making Progress ix
kuuﬂua the critical pownt ...
’U’z: earlb eq,u}l;bra"'foh . Tells ws «-ué’re

ou the phase dliagram early , aud Thus high

Use 4o tonstrain P. | |
Jet quenching : striking hew phencueuon.

Ties m to Na at high Pr.

Need PA conhol €¥p+.

Use 1o measwre enerdy c!eus}"j E.
How can we Measafe/dde'FMM' T7
Pko“'ou&? u‘ep'bus? (Rutes of ewmi £sion
calcdable from /¥ principls of Wyl 7-)
Test lattice alculations of PAY S Efry [

Can ¢ bined o Qorb\ 3/\?7 Expec"' NO.
« kb « « = Y7 Expect yes ot RHIC.

(expectations tused on lotHce tul cilition)
(RHIC duba 1 future)

What s so'ms on with HBT 7 A pueale
W current “Ritic dofa, Will +anch usaboui-fwzua-f



