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Motivation

Di®erentphasesof QCD occur in the universe
Neutron Stars, Big Bang

Explaing the phasediagramis important to understandinghe phase
that we happento live in

Structure of hadronsis determinedby the structure of the vacuum

Needto understandhow vacuumcan be modi ed
QCD simpli esin extremeenvironments

Study QCD matter in a regimewherequaks and gluons

are the carect degreesf freedom



QCD PhaseDiagram
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Quantumchromadynamics

Elementay elds: Quaks
8
3 color a=1;:::;3
(O)f 5 spin  ®= 1;2

cavor f = u:d:s:c;b;t

Dynamics: non-alelian gaugetheay

. 1
L =& (iBj ms)or i ZG?O

a = @AY @Aa + gf ®CAPAS
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Gluons
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Phaseof GaugeTlheaies

Coulomb Higgs Con nement

¢ .
. ° . .o

. ‘ . o

ez i mr
V() » = V() » =

V(r)» kr

Standad Model: U(1) £ SU(2) £ SU(3)



Phase9f Matter

phase order | broken rigidity Goldstone
param| symmetry phenomenon | boson
crystal Ya translations rigid phonon
magnet W rotations magnetization| magnon
super°uid | ol particle number | supercurrent |phonon
supercond.| hAAi | gaugesymmetry| supercurrent | none (Higgs)




GaugeSymmetry

Local gaugesymmetryU(x) 2 SU(3).

A ! UA D.:A! UD:A
A 1 UA:UY+iU@UY  Fuo ! UFw UY

Gauge\symmetries" cannot be broken

Gauge\symmetries" can be realizedin di®erentmodes
Coulomb Higgs con ned
d.o.f: 2 (massless) 3 (massive) 3 (massive)

Distinction betweenHiggsand con nement phasenot always shap



Chiral Symmetry

De ne left and right handed elds

L
Q
" 1 - VN
AL;R — §(1§ o5)A R
—
Fermioniclagrangian,M = diag(my; mqg; ms)
L = AL(B)AL + Ar(iB)AR >
+ALMAR+ARMAL CXC> CXC>

L R R

M = 0. Chiralsymmetry(L; R) 2 SU(3). £ SU(3)r



Chiral SymmetryBreaking

Chiral symmetryimpliesmasslessgdegeneratdermions
m=?" = 935MeV m:?" = 1535MeV
Chiral symmetryis spontaneouslybroken
M AS + Al A%i " | (230MeV)3 9
SU@B)L £ SURB)r ! SU®PB)v
Consequencesdynamicalmassgenerationmg = 300MeV A mq

my = 890MeV + 45MeV (QCD; 95%)+ (Higgs; 5%)



Low EnergyE®ectivd_agrangian

Low energydegreesof freedom: Goldstonemodes
U(x) = exp(ivd, =fy,)
E®ectivelagrangian

2
f1/4

L=L=2Tr[@Uu@UY]+ (BTr[M U]+ h:ic) + :::

A

controls
Goldstonebosonscattering

Couplingto externalcurrents

Quak massdependence
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Symmetrieof the QCD Vacuum: Summay

Local SU(3) gaugesymmetry
con ned: V(r) » kr
ChiralSU(3). £ SU(3)g symmetry
spontaneouslybrokento SU(3)y
Axial U(1)a symmetry

N a ~a
1@@ 10 10

anomalous: @AY =

Vectaial U(1)g symmetry

R -
unbroken: B= dxAYA conserved
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Notes

QCD with generalN¢ ; N (with or without SUSY)
There are asymptoticallyfree thearies
without con nementand/or chiral symmetrybreaking
QCDwith Ny = 3
con nementimplieschiral symmetrybreaking
symmetrybreakingpattern SU(3), £ SU(3)g ! SU(3)y uniqu€
order parameterhAAi 6 0
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QCD PhaseDiagram: N, and N;

QCD SUSY QCD
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Approachingthe PhaseDiagram:

Symmetriesand Weak CouplingArguments

T QGP
critical

critical color
superconductor

pion
as
m 9 ) m

neutron gas
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Approachingthe PhaseDiagram:

StronglyCarelatedPhases

T QGP

critical

Hagedorn

iti color
critical BEC-
BCS supercor \ductor

pion
gas

nuclear liquid

m

neutron gas
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Approachingthe PhaseDiagram:

Experimentsand NumericalSimulations

lattice

HIC's

\ neutron stars
m, / -
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Part I: QCD at Finite Temperature

The Heavylon Programat RHIC

T QGP

***** RHIC's
sQGP

~
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The High T Phase:Qualitative Argument

High T phase:Weaklyinteracting gasof quarks and gluons?
typicalmomentap » 3T

Large anglescatteringinvolveslarge momentumtransfer
e®ectivecouplingis small

Small anglescatteringis screenednot anti-screened!)

couplingdoes not becomelarge w

Quak GluonPlasma
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Lattice QCD

Euclideanpartition function
Z Z

Z = dA:dAexp(;j S) = dA: det(iD=) exp(i Sg)

Lattice discretization: #=——=——e U: (n) = exp(igaA: (n))

n n+m

D:A | %[Ul (MAN+ 1) AN

(GR)? 1 L THU (MU (n+ 1)Uy (n+ & +°)U; o (n+ ©) 1)

Z

| S @) (- 112) (Y - - -
Monte Carlo: dA. e > 1 tU~(n); Ui~ (n);:::0

19



Lattice Results

order
paameters °°

0.1F |
n}/ T = 0.08
o —— T 0
5.2 5.3 5.4 5.2
B8
5+ B
p/T4 DSB/T4
4 —

equationof 37

3 flavor e

State 27 2+71 flavor s
2 flavor |
T [MeV]
0 1

100 200 300 400 500 600
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BNL andRHIC
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Multiplicities

Star TPC
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Multiplicities

\!
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Phobos White Paper (2005)
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Heavylon Collisions

t =const t h =const

hadrons

pre-equilibrium

—

projectile target Z

Scaling(Bjorken) expansion

all comovingobserversare equivalent
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Bjorken Expansion

25



1/(2p) d?N/ (m;dmsdy) [c*GeV?]

RadialFlow

Radialexpansioneadsto blue-shiftedspectra

STAR preliminary % STAR preliminary
Au+Au central Q p+p min. bias
Gy = 200 GeV o L By = 200 GeV
>
o
w0 £
o
'_
S
210‘1_—
! . © _
= [ K
N R
10 =
C — i
I p 2|
M‘«.‘\ 10 E p
1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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m; - m, [GeV/c?] m; - m, [GeV/c?]
0:6c! - P e
vt » 0:6cC! mt = p;s+m
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Hydrodynamic
expansionconverts
coordinate space
anisotropy

to momentumspace
anisotroy

Anisotropy Parameter v,

Elliptic Flow

| T
.~ Hydro model

O
N

O
=

o

' I
PHENIX Data

_____ p O ppr A KS
0.3 K A KT+K ® | +L

' |
STAR Data _

Transverse Momentum p ; (GeV/c)

source: U. Heinz (2005)
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0.2
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T
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I I
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source: U. Heinz (2005)
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Viscosliy

Energymomentumtensa

Two | Two +,(r1U0+r0U1i traCe)

perturbative QCD : 7
> 018 b » 6.8 fm (16-24% Central)
= 1071'3:(94 |Og(gi 1)) zij: e STAR Data

universalbound (D. Son)? 3

; 0.082—

=S, 1:(41/‘) 0.06;—

_ 0.04F

bound saturated in strong cou-  (e-
pling SUSY thearies with gravita- VR N T R R VITS

p(GeV)

tional dual

source: D. Teaney(2003)
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Jet Quenching

RAA
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source: Phenix White Paper (2005)
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Jet Quenchingl

Disappeaanceof away-sidejet

e d+Au FTPC-Au 0

— p+p min. bias

* Au+Au Central

-z v *-_*_:*:_.*._.

-20%

i STAR

*

3

4

D f (radians)

source: Star White Paper (2005)
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Jet Quenching:Theay

10.0:

1.0:—
energylossgovernedby E
7 S
?/4 8

—_ 1/2 dcé ~ 0 1l -
' < ; plon gas
" cold nuclear matter
0.01: N N e
0.1 1 10 100

e(GeV/ fn)

larger than pQCD predicts?

source: R. Baier (2004)
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GaugeTheay at Strong Coupling:Holographiduals

The AAS/CFT duality relates

large N (Confamal) gauge string theay on 5 dimensional
theay in 4 dimensions Anti-de Sitter spacef Ss
carelation fcts of gauge bounday carrelation fcts
invariant operatas | of AdS “elds
Z
rexp  dx AyOi = <
Zstr ing [A(@\dS) = AO] —Z> T s

The caresmpndenceis simplestat strong couplinggN .

strongly coupledgaugetheay |, classicalstring theary
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GaugeTheay at Strong Coupling: Finite Temperature

Thermal (confamal) eld theay =~ AdSs black hole
Hawking temperature of

CFT temperature ,
black hole
Hawking-Belensteinentro
CFT entropy , J _ &
=areaof eventhorizon
weak coupling
12 3 ”
s= —N 2T3 = —S strong coupling
2 C 4>

| = gzN
Extendedto transport propertiesby Policastro, Sonand Starinets
Ya

= §N§T3
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Summay (Experiment)

Matter equilitrates quickly and behavescollectively
Little Bang, not little zzle
Initial energydensiy in excesof 10 Ge\Efm?
Conditionsfor Plasmaachieved

Evidencefor strongly interacting Plasma(\sQGP")

Fast equilibration ¢p ¢, 1 fm
Strong energylossof leadingpartons
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Part II: QCD at Finite Densiy

Nuclea Systems

\ nuclear liquid

) .

neutron gas
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QCD at Finite Densiy

Partition function
h i VA o
Z="Tr & (Hi™N) =1=T N = d3 AYA

Path integral regresentation(euclidean)
Z Z

Z = dA: det(iBx + ir° g)el S = dA. étjdet(i + ir° 4)je S
Sign problem: importance samplingdoes not work
Also: No generaltheaems(a la Vafa-Witten)
Phasestructure muchricher

(breakingof translational, rotational, parity, isospin,: :: symmetry)
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PerfectLiquids

Neutron Star (Crab)

sQGP

Trapped Fermi Gas
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Universaly

What do thesesystemshavein S Ny
IN:_—\ II\ // o \‘1
common? '\ ' '\kl\‘I'«"”‘\ I
dilute: r¥4=¢ 1 R U SO
R N 7
strongly carelated: a4™> A 1 NN sy
Neutron Matter FeshbachResonanceén °Li
— i 1
ay = i 18fm, roy = 2:7 fm a; = 45a.u., ki » 10° a.u.
3 ¢ ’
0:001 - Y2 0:3% a=a; 1+
Bi Bo
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Universaly

Considerlimiting case(\Bertsch" problem)

(kea)! 1 (ker)! O
Universalequationof state
E ‘e 3k
— = » — = »— —
A A o 5 2M

How to nd »?

NumericalSimulations
Experimentswith trapped fermions
Analytic Approaches
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P (MeV/im®)

NeutronMatter on the Lattice
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Analytic Approaches

Two body carelations: Sum particle-particle ladders

1= I ' ' ]
075 > 00u00se -
0.5_— ~ o
. 0.25_— o -
E _ KE . oL -
AL oM o [ \J -
2(kr 2)=(3%9 osf | Pt -
Li sn(11i 2l0g@)(kra)  oms————g

SystematicApproach: Large d Expansion

»= 0:5+ O(1=d)
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Part Ill: QCD at Finite Density

Cola Superconductivy

color

superconductor

~ L

m
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Very DenseMatter

Considerbaryon densiy ng A 1fmi ®

guaks expectedto movefreely

Groundstate: cold quark matter (quark fermi liquid)

" only quarks with p » pg scatter
P A tocp ! couplingis weak

P. P

No chiral symmetrybreaking,con nement, or dynamicallygenerated
masses

44



Cola Superconductivy

Is the quak liquid stable?
Dominant interaction:

F )
% . UsesFermi surface
F P

P coherently
Attractive interaction leadsto instability

hggi condensatesupercuidity/superconductiviy, gap in fermion
spectrum, transport without dissipation

QCD: gluon exchangeattractive in 3 channel
3£ 3= 65 + 35 °uxreduced) attractive
Spin-°ava-cola wave function
("#i #)E£ (udj du) £ (rbj br) s=0;1=0c¢c= 3
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PhaseDiagram: First Version

Universality,
lattice results

d> 1st order transition ends
n
Plasma

Hadrons

Nuclear
Matter

E

Why? Competition betweel
<qg> and <qqg>

critical endpoint (E) persistsevenif m 6 O
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Lattice Results

181:_ T T T T T T T T T T T T T T T T
: — Nf:2, [FP]
180~ 5eN.=2+1, [FK]
175 T — N=2, [All] _
i N.=4, [EL] :
170 1 .
=165- -
|—160§— K%‘H
155 RS
1500 -
145 '

PN N RN N N NN NN ST AT SN S (S S S SR SR ST
200 400 600 800
mB/ MeV

[FK] Improvedre-weighting, [FP] imaginay chemicalpotential
[All] Taylor expansions
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T (MeV)

PhaseDiagram: Freezeout

250-
200
- — end
150 " m pomt
| :
10G-
m NA49 ~ hadrons
50~ 4 SIS, AGS &
- * RHIC
O_ R A
0 500 1000
m, (MeV)
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Superconductivy

quak-quak scattering ) T
(L A Ooch)

Gapequation: doublelogaithmic behavio

AN T ¥
¢( po) = ) dop Iogu O b 4n ¢( o)
o JPoi "G+ (@)
collinearlog BCSlog
H T v o
) Go= 514G Sexp | 20t exp i po

38 29
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11 1: CFLPhase
ConsidemNs = 3 (m; = 0) Lo

iaqui = A 23bl 2 " """" I

1) | — —

hudi = husi = hdsi

hrbi = hrgi = tbg \I """" I \/\

Sym m etry bre akl n g patte rn Rotate left flavor C(lmlpernsate by rotatin
SU@). £ SUB)r £ [SUG)IC \ A\
o e

£ U (1) I SU (3) C + F ... have to rotate right

All guarks and gluonsacquirea gap AL A i = ih ARARi
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PhaseDiagram:N; = 3 QCD

H superfluidity

Hadrons

_,(Hyp'éf) Nuclear CFL Matter
<qg> | Matter <(Gof >

m

Quak Hadron Continuity
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QCD quarks, gluons

o
E®e Cthd: | e I d >D CFLChTh  Goldstone bosons
_ P=p
Theaies
Quantumchromalynamics
_ ~ 1
L = A(D: + 1° o)A ZG?O 2
High densiy e®ectivetheay
AV /(i A\ ¢ AT s 1 a a
L = A)Y(iv ¢D)A, | EA‘ JCAY i 70 Go + 10
Chiral e®ectivetheay
— Ya . 20~ S 7~ Yivst o
L = ZTr r o8r 08Yi ver8&§r8Y + Tr NYiv D: N + :::



MassTerms: Match HDET to QCD

MMV CMYM . R " R ] RV L y
— Aé 1 AR + A?_/ o1 AL it L

C ~y . ~y - R L X
+ 1_2(ARM 5 AL )(ARM 5 AL) g%MM -

masscarrectionsto FL parameters?; ve and V, * '
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MassTerms: Match HDET to CFLATh

Kinetic term: A’ X AL + AL XRrAR

. 1i ¢
DoN @N + i[j o; N, io= Vot §I>>XR»y+ » X | »

ro8 = @8+ 1IX_ 8 I18XR

vecta (axial) potentials

Contactterm: (ALM AL )(ALMA,)

a

_ 3¢2

© 2 .
v [Tr(M8)]“i Tr(M8M 8)

L

mesonmassterms
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PhaseStructureand Spectrum

Phasestructure determinedby e®ectivepotential

' ¢ £
V(§) = f;‘Tr X §XrSY | ATHMSEY)i By TH(M§Y) "

V(8p) min

Fermionspectrum determinedby

T ¢ ¢ ¢ " 2"
L=Tr NYiv'D:N + Tr NY°:2aN + > Tr(NN)i [Tr(N)]" ;
s Ya
y y —
Yon = 1 M M»y§ >yMM » »:p§0

2 2p|: 2Pk
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PhaseStructureand Spectrum

20 ‘\

10Qn

m, (MeV)

-20+

-30-

40 \_é Ly L. L, ‘ \ ‘ \

o
O
)
| L (

10'2 2 100 10 20
m_/2m (MeV)

mesoncondensation:CFLK

ms(crit) » mg °¢ 2=3

30

P
80| L

60| -

w0
20 o

20 40 60 80 100

gaplessamodes? (gCFLK)

Ls(erit) » 4%—
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PhaseDiagram:mg 6 0

E Plasma

CFL

CFLK

Hadrons
4'\

E
Nuclear.
- Matter/
\

nuclear " exotics p CFLK, LOFF

superfluid

m

Phasestructure at moderate! (and mg;!. 6 0) complicatedand
poorly understapd. Systematiccalculations

2 . 2. . 2. i
mSC 1 ’qu: & 1 g ¢ 1

Useneutronstars to rule out certain phases

What are the most usefulobservables?
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ConclusionThe Many Phasesf QCD

high T
QGP large Nc
strings
large N
conformal phase
low density
nuclear matte
high energy large density
color glas color superconductivity
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