QCD in the extreme conditions
E.V.Shuryak, Stony Brook

Lecture 1: The phases of QCD

e - Prolog: Current phase diagram
as a map

e - Chiral symmetry breaking in vac-
uum and instarntons

o - What happens at non-zero T: lat-
tice, instanton molecules

e - Properties of Quark-Gluon Plasma

e - Color Superconductivity at high
density

e - Color Superconductivity at very
high density

o- Other “extreme conditions”: in-
creasing number of quark flaveors,
adjoint fermions, SUSY theories...

(/)

..ﬂ.u_ﬂf. - -

Before we start, we need some maps...
The theoretical version

hadronic

matter

X LT = 0!.0.
-« * s . o 020
ll'llélloo . olﬁmlﬁucooo”

——/
§>40,89>%0 ! /M

e — Progress was most signicant in the large den
sity low T region. New phases: 2-flavor-like an«
3-flavor-like Color Superconducors. (see talks b;
K.Rajagopal and T.Schaefer). Unfortunately th
paths for heavy ion collisions do not cross them.

e — Another new element: the (remnant of) the QCI
tricritical point (see talks by K.Rajagopal an
M.Stephanov) . m\Tdsw@ , %v@:&m on M ...
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More recent findings(/claims) :

o — SU(Ny) Chiral symmetry breaking is also caused
by instantons. The same t’Hooft interaction which
violates U(1)4 is the attraction needed for it. How-
ever spontaneous breaking is not single-instanton
effect, but a result of collective interaction of all
instantons. (Therefore < §q >~ /Minstantons> not the
first power.) (E.Shuryak 1982, D.Diakonov and
V.Petrov, 1986.)

e — Lattice works of 80’s have found chiral restora-

P

ﬁo:mwm_mmnnwbmmh/@mm W:DOD,meBnrmnEiﬁmB-
perature T, = 150MeV. Its order is still not clear,
but it is sharp enough, transition to QGP happens

in a narrow interval not larger than 6T ~ 10MeV.

e — Studies of susceptibilities, correlation functions,
“screening masses” etc have shown that in scalar

and pseudoscalar channels like 7, 0, 7' significant changes

occur, and deviations from free quark behavior
persist to the T > T. phase. However no large
deviations in vector and axial channels are so far

found.
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Tuperadin (110
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e ~“Instanton liquid model has reproduced (nearly)

all those features of chiral restoration (Th.Schafer
and Shuryak,96). In addition, it suggests a sim-
ple mechanism for chiral restoration: formation of
instanton-anti-instanton molecules. Recently first
direct observation of molecules were made on the
lattice ((Ph. de Forcrand, 98))

o — Instantons were shown to generate Color Super-

conductivity at high density and relatively low T <
50MeV. (Rapp,Schafer,Shuryak,Velkovsky, PRL 98
Alford, Rajagopal, Wilszek PLB 98) Unfortunately
lattice simulations are not yet possible for non-zero
chemical potential to study this region.

o — Existence of the “endpoint” second order transi-

tion in which sigma is truly massless, and especially
its possible observation in heavy ion collisions was
discussed Amemﬁrw:ofwb.wmmovwrmr:n%mw 98)
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o -Two papers (submitted to hep-ph
on the same day) about instanton-
driven superconductivity for Ny =
2, N. = 3 appear: R. Rapp, T. Schier, E. V. Shuryak
and M. Velkovsky (RSSV) Phys. Rev. Lett. 81 (1998) 53. M. Alford,

K. Rajagopal and F. Wilczek (ARW) Phys. Lett. B422 247 (1998).

: large condensate A ~ 100 MeV!

e - Color-flavor locking is proposed
and verified for OGE in ARW hep-
ph/9804403. It is also preferred by

instantons RSSV ,hep-ph 9904353 (prob-
ably always true).

e - Magnetic gluons overtake electric
ones at large u, the condensate grows

Wwith f& D.T. Son, Phys.Rev.D59:094019,1999;hep-ph/9812287

e - Transition between two CSC phases,
as mg changes, is discontinuous: the
first order Rssv, Schafer+Wilczek, Rajagopal + Berges
%. Finalized the phase diagram (the
mean field).

L

Why transition from particle-hole
to particle-particle pairing ?

L - - - [ e [

- — ==

superconductor

vacuum

Energy versum momenta: the blue
dashed line show the dispersion curve
for vacuum and dense matter. It ha
discontinuity at two different places
the surface of the Dirac sea and Ferm
sphere.
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Two colors: a very special theory

o.- The.opposite to the large N, limit:

“Baryons are degenerate with mesons:

- Paiili-Gursey symmetry ( Unlike SUSY

different number)

o - symmetry breaking is SU(2N¢) —
Sp(2Ny) For Ny = 2 the coset K =
SU(4)/Sp(4) = SO(6)/SO(5) = 505
massless modes: pions plus scalar
diquark S and its anti-particle S

e -“RSSVI: finite p breakes rotates
*'“the 5-dim sphere. Scalar diquark

(not sigma meson) becomes mas-
sive. more in: Kogut, Stephanov
and Toublan hep-ph/9906346

e - Fermionic @mamuambmbn is real: lat-
tice simulations possible. Results
by . Karsh, Dagotto et al of mid-
80’s make sense! See recent work
by S.Hands et al.

(2\)

L osaoatA  ADA CHTUe TR . . A JTAG 2 A a2

H{o. flavor QCD (CSC2)

0.07%]

Q 0.2 0.3 0.4] o, s 0.6 0.7
dricrotiool \ \L
point 499 %0

wnrof.r._:.o, mu..!_.or %o..!.%so._..s cw 37 mo

,..sio_,_.lo: . iwduced - lagrangian

The phase diagram from Berges
Rajagopal: Similar diagrams: RSE
Diakonov and Carter,Klevansky €
al.
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The «continuity” issue

T.Schafer and F.Wilczek (98) pointed
out that CSC3 phase has not only
the same (7) symmetries as hadronic

matter, but also very similar exci-

tations:

Phe condensates conveniently mix

8 gluons -

3*3 quarks =) 8+1 ¢

:w%mnorwnmms g
Singlet scalar ULy
But: It is stl

Youtside Amoamﬁf.uﬂm

0
hadronic language
8 massive vect. mes.

8 massless pions = remain '
v is combined with massless “Yinside

»H condensate
not transpare

comment
Meissner eff.
A(1405)?

if < gg >#0
like 7Z in SM|

‘paryons”

777
nt Ior
Weinberg/Salam

should not have warried about) SO
it will levitate in an ordinary mag-

A ———

net, oOr reflect light from the sur-

face...
Is it the correct €
tern of N f —3 nuc

(25

ondensation pat-
lear matter?

o .,WH.ES ‘onm..m_:omngmbmm
- The operator (1t)(t*): no chiral:
_dtyflip | b, TX

U L L
,.liw.w&nmbmﬂ.wrn.wmvmb%bb momentum trans
— wmr@lm;l_mnmmnmm.m:zerm Rutherford-

Electric exchanges MNW@-U@U%@ screened
" at Q ~ gu (like instantons)
- . T ’ .
__Magnetic ones got no screening at T=

B au-damping - fot 2
—(One has also to take care of time

~ delay efiects, since we now speak o
~_relativistic bound state bound by ex:

—chang f propagating quanta... Elia

-——berg-eqn-) e
-D: on, yep-ph/9812287 therefore f
a “double log” in ﬂrw,.uwmw..mncmﬁouu

e No@\w

= n%m&mp?%b | b oher

iiarﬂmnﬁbﬁmcmwimbmﬁmw" A ~ pezp(— i

- qmm
DU T

Y Y] .
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E.Shurysk, Lectures in CTEQ Semmer Schiool, June 2000

Conclusions

o- The vacuum/hadrens are in th
chirally broken phase, with < gq
condensate generated by Redinsta
tons

o At high T > T. = 160MeV th
Redecondensate melts: QGP

o- At low T and high density Col
m:ﬁo.ﬂno.uaﬁoﬂﬁn% is expected, wi
< gg > condensate, also generate
by instantons

.- Chiral symmetry first disappe
in the SCS2 and then reappear ag
in CFL- phase.

o- It persists till indefinitely lar
densities, with magnetically bou
Céoper pairs. The gap grows
large 1

(30)



E.Shuryak, Lectures [h CTEQ Semmer School, June 2000 3

Lecture 2: Heavy Ion collisions:
the Quark-Gluon Plasma search

e- Prolog: Little Rang vs. the Big
One

e - The final state: observed spectra
and phase diagram

o - Radial and elliptic flows

o - The “initial’* stater has QGP been
discovered at CERN7?

e- Dileptons: looking directly into
hot matter

e - The J/v, ¢/ and- ¢ stories

Two explosions:
the Big Bang versus the Little one

Big Bang Little Bang
expansion Hubble law v ~ 1 same but anisotro
visible T 3K today, ~ 1 ev 170 MeV chemical

at freeze-out 110-140 MeV ther
The final velocities Hubble constant, final radial flow
status recently fixed to 10% v,=.5—.6
scceleration history | distant supernovae Q- flow o
conclasion negative acceleration now? | accelerates ol the

p—2

= gt Seler r«pft, elliptic low

frozen plasma osc.

m=3-6 seen
777

1~10-8 ~ .01
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Particle composition

e - Looking backward in time, from

-

detector, is like looking at the Sun:
T ~ 60000 only, although it is hotter
inside... “thermal” freeze-out.

e - one can also identify “chemical”

freeze-out from particle ratios

LY

o MK

partkie ratios
oq i/
fo VA
L
o EA
LY o/
o 0/
_.i o/

o 2/ln

4K./n
4 Ky/n
do T/A

4 n/n*
N

loie e

Iaonn..qu_wc:a,\
® expenment 1}

e | We

0 W

Figure 1: The ratios fitted to thermal model for PbPb at SPS (from J.Stachel)

hadronic chemistry quark chemistry

fits many ratios very well more parameters

T ~ 170 — 190MeV,
s quark suppression: small in PbPb fugacities (opposite for qq)
Problems: ar Abany and “phase space occupancies”
why so high T? /=T, % - (same for gq)

Can hadronic phase coexist ?
Why vacuum masses are used?

How het s watter ot the wo“..f.:.tuo
' Wovy LOn collitions
th p) “ .

<

Ts +aare sueh thing as & Cotlect (v,

e - Pre-prehistory: Ancient debates

if the AA spectra are just a su
perposition of NN’s: different m

slopes

o- “Initial state” parton rescatter

ing? No, the final state rescatter
ing of hadrons - e.g.deuterons

e -m; slopes depend linearly on par

ticle mass: this supports commo:
. |
flow idea ITREREAS

e -“the larger the system, the fw

ther it cools” argument explaine
strong A and y dependence of v
large v; =~ .6 and low Ty = 120Me
in PbPb followed.

o -Fit to NA49 HBT radii plus spe
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Elliptic flow

Sorry, I have no time to discuss the “directed flow”
or the dipole component... The picture of the “initia
almond” for non-central collisions

- ==+ Inomﬁ& + lnch& + -

~

e — At low energies “squize-out” was observed in )
direction, as spectators nuclei block the x direc
tion.

o — First hydro studies for AGS/SPS domain shov

significant v; in x direction Ollitrault Phys. Rev
D46, 229(1992); Phys. Rev. D48, 1132(1993)

e - ellliptic flow is developed earlier than the radial one H
Sorge, Phys. Rev. Lett. 78, 2309(1997). Furthermore, som
interesting centrality dependence is found in H. Sorge, nucl
th/9812057 (1998).

e — Detailed calculations for AGS energies, with softening du
to QCD phase transition P. Danielewicz et al., Phys. Re
Lett. 81, 2438(1998)

e — At high (RHIC/LHC) energies more complex evolution i
x-y plane is found (called the “nutcracker” scenario), with foi
mation of two “shells” which are physically separated in
direction D.Teaney and E.Shuryak, nucl-th/9904006 The ©
does not grow with energy, but vy, vg are predicted to grow!
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The “initial” state: is there a QGP at SPS?

There are several important observations:

e - Particle composition cannot be ex-

plained by reactions in hadronic phase,

the fitted T > 170MeV —1Is it indeed
the QGP boundary?

e- The initial EOS is very soft —
QGP or strings?

e - Dilepton production is enhanced
and the spectrum is changed — ap-
proaching the QGP rates, or just
complicated hadronic reactions?

o - J/¢, ' production is further sup-
pressed in central PbPb — Can we
experimentally tell if it is not due
to late hadronic absorbtion?

DILEPTONS

Old ideas: QCD phase transition ca
“melting” of all hadrons (p,w,d, I/,
Dileptons are “penetrating probes”

Good news: all dilepton experimen
AmHHHOm-w,OMWHm,ZPmS see signi
icant dilepton enhancement, compar
to “naive” expectations. The effect
are stronger at small pi, clearly ind
cating matter effects
CERES sees qualitative change of sk
of the vector spectral density for M
mp as compared to the vacuum.

Bad news: Most radiation is not fr
QGP but from the “mixed phase
We still do not quite understand it
More details are needed.
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CERES

Duality in Dileplon Production?

_, Producsan Rates n Hot Hudronuce Merter at Ta148MeV 30% Central Pb(158GeV/u)+Au .
“rmaeninen | I v My point here: Note also one stril

_— _vo..aU...a-u * 96 data pp0.2GeV . )
oo ing fact: for the most important mas

i

M = 3 — 6GeV the “realistic” cury
(obtained in a complicated hadroni
“ , based calculation) is not so far fro:
mull._a "ol e Nl Woaas e the “partonic” one, which correspon
) to just an ideal gas of quarks and ant
quarks. So, we do find that the ine

Figure 3: {Curtesy of Ralf Rapp) (a) Comparison of dilepton production rates: thermal mﬁﬁﬂos U@&émms Qu@ m ﬁrm <®OHOH- Orm
ion gas, “ \ic” (dash-dotted) “realistic” one (f Ra . (b) Compari . o
pion gas, “partonic” (dash-dott ) “realistic” one (from Rapp et al). (b) Comparison Hﬂm— W.H \.NJ ~ N._ﬁ is —U ecomin m we m.w.

of CERES 96 data for mass spectrum of the observed dileptons with several theoretical
calculations: no in-matter production (dash-dotted), no in-matter modification (solid
with p/w peak), the Brown-Rho scaling (dashed with a peak at M=.5 GeV), hadronic rho
widening (solid) and pure “partonic” rate (dashed).

("™N_KmAM)/(AN /o) [100Mevre’) !

X ) Cress sectronc

Whatever the model, if vector spe

The main CERES-related physics issues are:

(i) to what extent the observed “p melting” indicate tral density is modified, the Weinbe

w.m..n..omnr wm the chiral symmetry breaking, . like sum rules ﬁmﬂmﬁﬁmﬁmvmwﬂﬁv\ﬁw g

(ii) Does it really undercut the “resonance gas” pic- .

ture (used in all event generators) ? demand that the axial one also chan
At chiral restoration they should (Vo)
side.

People who study/explain CERES data use vector
meson masses shifted proportional to density with Walecka-
type mean field model(G.Q. Li, C.M. Ko, G.E. Brown
ch:urv.m.\rmomnmmw-mo?wamv , Or resonance re-scattering
on hadrons, mostly excited nucleons (R. Rapp, G.
Chanfray, J. Wambach ch_.ﬁrwm.>m~quhqw-hom.waqv 7

|71 1Y
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E.Shuryak, Lectures in CTEQ Summer Sechool, June 2000 4

Conclusions

e- AA collisions produce a Bang not
a fizzle. Radial flow at SPS devel-
ops late, mostly in hadronic phase.

e- Early “QGP push is expected at
at RHIC, and maybe seen already
at SPS in ellipticity (NA49)

e- At RHIC the non-central colli-
mmo=m leads to a “putcracker”.

¢ - Dileptons see melting of p reso-
nanee and approach to “partonic
rates” at small masses, or QGP-like
radiation from hot matter

e- The J/iy seem to be suppressed
in steps: the only observable with
strong A and centrality dependence.

two components (X, V)



