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I-OVERVIEW OF QCD




1-QCD as a SU(3) gauge theory

Historical introduction: the rationale for QCD

@ |n the standard model, there are 6 species (flavors) of quarks.

In the 60th:quark model: Baryon=QQQ, Mesons= QQ, but conceptual problems

ATT —ufTutu? violates Pauli principle
@ ntroduce 3 colors: each quark exists with three color states (1,2,3)=(r,y,b)

Hadrons are « white »= « color singlet »

Mathematicallv: H invariant under permutation of quark color 0T
¢ — Vi (1;,1 Vi =1 ‘ DetV=1 mmmp V=e
V : SU(3) matrix generated by eight generators: T=A,/2 a=1,.8

M — Z ¢q; = JJ+ BB+ RR
- _£ —_— AT = Z €ijk i T ow; T oug T
D= L €ijk Gi 4 qk ik
i k=1

@ Dynamical theory for color: SU(3) gauge field theory o
Fondamental object: Dirac field for each color o= s

Gauge principle: invariance of the theory
(lagrangian) under a local transform B = a0 = (By. Dy b

Y(x) — V(x) (x) V(x) = eifa(®) T (1,2,3) = (r.4.b)




SU(3) group SU(3) transformation: Vo= il
Generator of the S 0 0 1
SU(3) group Aus12.3 = (.(;, 0) A= (l’ I; : As =
by = ”\rr/Q 0 0 0 0 0 0 1
=10 0 1 =0 0 —i Ay = —=
01 0 0 i 0 3
Generator of the 0 1 0 —i (1 0
SU(2) group o (l 0) o (‘i 0 ) o (” -1

They satisfy the Lie algebra [7?@,; tb] — 1 f abc tc

f.c are the structure constants of SU(3),
fully antisymmetric under permutation

L = fios =2 fiar = 2 foue = 2 fosr = 2 faus
2 2

= =2 fizs0 = —2 faar =

= f158 = —= fers
\/§ ] \/g yi




Building of the gauge theory

@ Start with a free fermion theory L =iy oy —m ) ‘

Discretize the theory on a lattice (spacing a)
L.=iypy"0, = ; Z ( r+ae,) —p(x) .“f(,-i';(:r))

But not « gauge |nvar|ant » due to « non locality » !

Yyl +ae,) = Gy Vi) V(e +ae,) vl +ae,)

X+ acy

-aey X X+ aey

@ To cure the problem introduce link variables (SU(3) matrices)

Ux;y) with  Ux;x) = 1 U= asy) = Uy; x)

1

(I..
1l

Invariant if

Lo=— 3, (U Ul +aey) ¥l +aey) — )y m) Ufes) = Vi) Ulesy) V()

Ulx;x +da) = e! Bl ) dy 8 Gauge fields

@ Dynamic of the link variables: gauge invariant
« Plaquette term »

3 1
,J—T— Z ff[l)[ﬁ{[{l(ll)

()

B'(x) = Bli(a) T"
X
4 3
a X » U
1 2




The QCD Lagrangian

From link to gluon field gauge transformation

Ul y)

Lagrangian

— Vi) Ul y) 1"T(y} B, (r) = Vir)

’,.u' _______ (),n 41’ L “|l' {/: _*’_ f(/ 4,: 4} — » (;'{,,‘.: Grf?r..r/ —

ol

Back to continuum limit: a 50

B (o)Vie)y — Vo) o,V )

i r”' 4 L o
ALY

i A L 1H A
U‘Wrif.: — i f-:':z')-:" :ih ‘_if""

f=u!d’SJ"' ‘EQ(” - Fjﬁrﬁf(ﬂf‘jﬁ o q f’” 4'J”)'E .I|| N Z ”UI 'EIIJH‘JII R (—T;I”;(_Tﬁ”f'

;

r /{"?T“

VAV, \/:%6—6

rb

8 gluons: (r.y.b) = (7.4.0) — 7 (r7 + yg + bb)

m,= 4 MeV, m;=8 MeV, m=150 MeV,

mc,b

>>1GeV



2- Symmetries of QCD ‘

;

Locp = Z Upyaid" —gta Ay - Z my v Uy — - G‘;‘m v

[

Observationnal facts

-All the observed hadrons are
compatible with QQQ and QQ
color singlet states
(color confinement)

-M,;~1 GeV, Ry~ 1fm
- Exception m_,

-Light hadrons classified in isospin
multiplets with no degenerate parity
partners

-Nuclei are made of « packages
of nucleons »

-At high T: Deconfinement and
chiral restoration (Lattice + RHIC)

Symmetries

-Gauge (color) symmetry
-Light quark sector (m ,m, small)

- No scale in the QCD
Lagrangian (scale invariance)

- Invariance under global
« chiral » transformations

TA .
u’v B Yy, L s e Iﬂl‘ l}'
; L/)d ) ) T/C . ‘
/ l,.’ ) /O

-Center symmetry (pure gauge)




Breaking of scale invariance: running coupling constant

*In the light quark sector the QCD lagrangian is « classically » scale invariant
*However in a QFT the existence of quantum fluctuations of arbitrary size
breaks scale invariance

*The QFT must be formulated at each scale 1 or at each resolution a=1/u

*Quark-quark scatterin _ PN a
a 9 first order o5 X 000000OMRIOOOT00 8012—“
q ‘\,\ q + k /3,‘&” g . o ) Ve
The exchanged gluon . PaanN P AN 48Ty )
- e UTTT $TTTT + ”’t«jﬁj“cf‘z”:g? v@@'ﬁzﬁ\‘i
may fluctuate g e e 7 Regponss ~

*Formulate the theory at scale u: all the high momentum fluctuations k> are
included in the definition of the degrees of freedom (field variables) and
parameters (coupling constant)

g(K + o) —— g(M): the fluctuations between p and p+du are now included
in the definition of g(j)

*The evolution of g(4) can be calculated if we know

3 a) — dg  dg
A= ﬂf!,u ~dlinp




@ B(9) is an intrinsic property of the theory: it can be calculated in the small g domain
perturbative QCD

(4?1')20){} — %f\r — %P“Tf > O \ ____ ?

@ Increasing p, g decreases to a minimum value g=0 obtained for large momentum

scale. g=0 is an attractive ultraviolet fixed point
QCD is an asymptotically free theory: ASYMPTOPTIC FREEDOM

q w=Nexp ( 5 31 2) (.‘30 sz) o/

:/// ~ ding w0 g
@ Lets us calculate an observable O with dimension D (hadron mass D=1)

) NN df D

O =p” flg(p)) 4—} 7 ( = O =CpuPexp (25 ) (5092)%1/260

Aqcp_is the fundamental scale of QcD’ +

*The QCD pb is to find the numerical constants C

+Lattice calculation: p=1/a: check the scaling law and extract C O O AQ(Y |

*From data Ay;p=200 MeV

® Q>>A,.,Pertubative QCD A w9 TS
o Q_@ : Aoep == 200 j\[( V] Q<Acc; NON
g ('v ) f(J n ( )/ \Q( D) R[] — l,fﬁ\(L)(Z) ~ l j'”,)‘ Perturbatlve QCD

ri«; dg

Glg) =




Trace anomaly and gluon condensate

.QCD aCtion ‘SV p— / (]ll L: p— / (/1 1 |:( 27 H (1()[1 \\\\\\\\\ /!'I :i(”l.) (? \\\\\\\\\ m l\. t ) (;5:"/(;”[“ } /l'g — g Q/X'g
*Scale transformation
A ])L — d /2 ‘
r— (1 —=0A)x b — (14 Dy A — (1 + DAoN) A" Dy=1

*The variation of the action and trace of the stress tensor

0S8 = / (['11_? 5,\@)11 /)f;” with (‘}H /)f;il = ()l' (;Iff,,T r]:i ‘
Explicit variation‘of the (effective) actionétaklendat scale p PP s Y
Y VL 4 AR 2 (2 |
68 = | / d*z 6\ Z(u.t DL + A5 20 di (6°G*™ G o)

I B T J‘))(-(/\) 2 -~y ’
E— Tfj =mypyY + < ((j GG (.1[11/)

29» Ta

oy

9

*QCD vacuum (TH) = ¢

e 2
, -2 3(g) 9wy
— | 4 = 47° G Ga

2{]3 Q72

gggnsz?rzltgjlr;satei <(M 1) GG ~ 0.012Gel fJ;l Energy density of QCD vacuum

(hadron spectral Function) . ‘ € = _O 3 (Iy(‘r . f 77‘2—3 I




Some consequences for the nucleon structure

MIT bag picture: nucleon = bubble of perturbative vacuum with freely moving current
quarks (m=0)

3 () 4 _
30\t 1
® R _> Ry, = ( e ) B/ ~ 1/Agep = 1 fm

—» B~01Gevfm? <<e
Z y

Alternative picture: non perturbative vacuum fluctuations expelled from a much smaller

domain:
R, =1/As
= 1A _Lgs 20

Constituant quark with size

////////// At the endpoint of stri
,//% R~ 1/Aqen D /,.

Evidence for diquark formation

\

NN




Il- SU (N;), X SU(N:)g

CHIRAL SYMMETRY

N~=2 : u,d
N~=3 : u,d,s
My~ SMeV 4 he compared with M, ~ 1 GeV

m, ~ 150 MeV




1- Vector, axial and chiral symmetry m,= 4 MeV

=8 MeV
QCD Lagrangian Loop = i, 0, + gy 0,0s — myuthy — maatq ”
without glue - m +m, m, — m — u
J = WO — ———L e — “waw v (%)

Vector Svmmetrv L almost exactly invariant
~ under the SU(2) transformation

' iay, k
 — ety

- Very small breaking
*Conserved charge (isospin v gt TR o o
ge ( pin) Qr= [ dr ‘Q'V"t"!;" V= I (mg—my)/2 ~2MeV < My ~ 1GeV|

. ~ ) T
*Quantum states transform as | [/ = ¢ @) — |@°) =U |)
[Qi. Q] = i €iji Qn p | Multiplet structure QI M > = G0 >
(21 ‘H(;)(;'D} =0 (W|th given, P,J) -
UlaIM > = U dupafl0 > = U dupn U U0 > True because
= SMI DM [-}() > < (\[\["“VE(![\/ > L’Tl 0> - | O> Q_? | O> - O
= SyplalM' > <ol M'\UlalM >
a0, —"j 5

2 lvbw

Axial symmetry L almost exactly invariant under Y — e

m=m, +mg/2>=TMeV << My
*Conserved axial charge Q3 — / dr o T /. — o—i;Q}

Ny ——Y /
/57 /5

-




Chiral symmetry vz=

2

1+

0 ¢L21_75¢

Locp = ibpy*0ubr + ipry"Ouvr — m (Vg + YrYL)

QCD Lagrangian almost exactly invariant (m~7 MeV) under transformations in
the light quark sector (u-d) acting separately on left and right quarks

-~

k1T, 1 .
QL= [ dripy—ipL = 5 ((g;\, AAAAAAA Q&)

SU@)L :  thr = €T, $r > PR V=3
SU@R :  wr — €% Fpn, g - pp | Q= [arvl o= (Q+0})
QL. @1] = i€ QL (QpQp] = ieunQr  [QRQ] = 0

2 degenerate L and R worlds: Two sets of independant identical multiplets

or

Vector symmetry (isospin) multiplets +degenerate partners with opposite parity

v

kind of « doubling » of isospin symmetry

OBVIOUSLY NO i |

1+

0.5

(o]

M [GeV/c’]
a, (1260)
- pam

1200)

7T (140)

N(1535)

N(940)




2- Spontaneous breaking of chiral symmetry

[H, QJ=0 and Q,|0>=0 = Isospin multiplets

Chiral
limit : [H, @Q]=0but Q% |0>*0 and  [/5]0 > |0 >
m=0
The vacuum does not have the symmetry
This is the spontaneous breaking of chiral (axial) symmetry
No Chiral partner multiplet  Us|aIM > = Us ¢arm|0 > = Us dorn Ud Us|0 >

= Y Garnr Us|0 > < al M'|U|aIM >
+ YalalM' > < olM'|U|aIM >

Goldstone theorem

Since the axial charge commutes with H, its action on the vacuum should
gives states having the same energy.

7;) = Q3 |0) H|m)=HQ|0)=Q>H [0)=0
This implies the existence of soft (i.e. massless) modes: THE PION

Basis for chiral perturbation theory Low energy pion do not (or weakly) interact
H |(m)") = H(Q*)"[0) = (Q°)" H [0) =0
Explicit chiral symmetry breaking m =140 MeV




Order parameters . Charged piondecay 7~ — " v IEPR.

(|my > i |me >)

z 7
< O|AM(2) |7i(q) > = —i 6ij fr q" e f =94 MeV, pion decay constant
<0lQL()|m;(q) > = / dr < 0|A (v, )7 (q) > = —’Z FreT il < 2 0) 7 (q) >

0) £ 0

fr # 0 Q;

The GOR Relation
*Operatorial identity [Q7,[Q%, H] = 6y /drmzﬁzp(r)

*Insert a complete set of states
Energy weighted sum rule

ZQEH|<n|Qi5|O>|2:—/dr2m < qq >
n

*Single pion dominance

my fz = —2m < qq >|

Microscopic (Quark) Macroscopic (Hadron)
Explicit breaking m| m..
Order parameter < 4qq >‘ f

uark condensate
A Scalar density of quarks

m= 6 MeV < qq >~ —(240 MeV)? —1.76 fm = ~ 10pg



Order parameter: not invariant under the symmetry group: it should vanish in the
symmetric phase

| I~ JS'5.5 .55 D
Heisenberg ferromagnet H=—J Z S; //Z B
i )

B=0: H rotationnal invariant but

- = Z S £ Spontaneous breaking
non vanishing order parameter

Ground state infinitely degenerate

In presence of B: magnetization along the magnetic field

Chiral symmetry of QCD H=H, + / Erm (Vg + dpvr) (v)
m=0: H chirally invariant but {
non vanishing order parameter MY = (0] 40k |0) = =) Y84 £ )

i S = _
Y = 5 (0] rbp + pir |0) =

b

<uu + rh/> = (qq)

Chiral transformation 0) — |a. 3) = Ur(a)Ur(3) |0)

- o A . ‘ , 3
MY — M = (l 7. 1[{1113(1 3) = (‘}g( 7) \[15((1)) — (‘};.()')‘LTUU) >
/g 1] =

Vector transf. a=[3: M invariant
. DY L
Axial transf. a=—: M == — = (cosa +if - asina) not invariant




Correlators and hadron spectral functions

Correlation function: correlators between two currents or two fields with
given quantum numbers characteristic of a hadron

r(q) = Ur(q.q) = / d*a e O (o) (0[[J(x). J(0)]]0)
Dispersive analysis (0. ) — / e Swd)
and spectral functions S e qo — w + 11

Slw.q) = _%,1‘,,,1“1;, ', q) = Z F (0 27)36G) (7 + p; — 77) 0(w+ Eo — Ey)

-Response to a probe which couples to a current
J(x) carrying the quantum numbers of a hadron.

-Accessible experimentally at energy momentum
transfer (w,q)



4

Fluctuation currents

(BT (ool M5 (600) — M:(136)
(VEOVAQ)) - (A()Aa(0))  Ma(1250) — M,(770)
(W, 00V (0)) — (V_()V_(0))  Ms,(1535) — M,(938)

Correlation functions associated with chiral partners

- T
:7157“%7?- J™=1-, 1=1 (rho)

Axialvector / Vector in Vacuum

0.08 ——

Im IT, A/(Tcs) [dim.-less]

e
o
&

|.g|||

e
o

o

1

—

« V[T—>2nm vt]

e Alt—>(2n+li)n vl_]
p(770) + cont.
a,(1260) + cont.

e

——

J “agetl
Q. -.-.“‘M

P

++++++++++++ :
-hf#w‘r:rl’ [ i )l

PREUI,, ]

1

L
2

S [GeV 1

cont?nuum

:z%“%%k’l/f’ JE1 121 (ay)

Vector and axial-vector spectral functions accessible from
T decay with even and odd number of pions

Very different at low energy rho peak and a, bump:
Spontaneous breaking of chiral symmetry

Become identical at high energy: quark hadron duality:

High momentum quarks decouple from the condensate

Chiral symmetry breaking is a non
perturbative low energy phenomena



ALEPH data
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3- Explicit realization : the Nambu-Jona-Lasinio model

*Basis of the model P<A

Quartic chiral invariant interaction (P<A~1 GeV) simulating
non pertubative QCD: (3 parameters: G,, /A, m)

Tl £ Tonl Gl Tal\2 SR 3. 2
Lygr = 1pyHoup — mapyp + > (P)” + (Z"ii)"‘f" T"f/‘)

Spontaneous breaking of chiral symmetry: constituants quarks

Mean-field (z.'*z;_")i) ~ 2 (1,71;’4') << >>=4 (P) << gg >>

M = m - 2G) << qq >> E[, — 1)2 + M2 N

| dp M
= m+4N. G / e
et p<A (27")'5 Ep

Spontaneous symmetry breaking; the quarks acquire a mass M~350 MeV

The broken vacuum is made of interacting quark-antiquark pairs;
the (BCS type) ground state wave function is:

- H (O‘P + Sﬂf’ b;r)a (ﬁ P 5) |¢0 >

S,p{.’\

(M) > = Cexp (— Z YTps b;‘)sdtp ;;;;;; S) o >

8, p<A




Mesons:; Goldstone theorem

Mesons generated as collective qq excitations, i.e., the unitarized
interaction is mediated by the corresponding meson exchange

q q

114)
T = >+ =
L7 q2 —m§
q q | 1
H= = H
Pion decay constant A W fn q2 —m121 9

Adjust f_m_,<gq> : M=gf., m2=mg’/MG,, m>=4M?+m?

Effective potential:  integrate out quarks in the Dirac sea
z=pwbdF exp(i[d*xLyg.) [DZDT 5= -Fw) a(TT-igysTe)] -

@=m+3 +iT.TTys

z-= J DEDT  exp(i _[ d*x Less(T1,%)) e

U(e) = 26,

v

Leff= @ (920, +oTio, ) -U(¢)

(21'(24

3 =
—ZNcij d’k \/kz +(d \\\\\ T
0




4- Chiral restoration

L attice results

Hadronic matter heated or compressed
quarks «percolate» / liberated

Sudden change of energy density
Sharp decrease of the quark
condensate <(J(>

€/T4

o N B O

16}

14 |
12 |
10 |

3 flavour
2 flavour
2+1-flavour *
[ T.=(173£15) MeV
Ui e ~07 GeViim®

[

100

200 300 400 500 600
T (MeV)

:(F. Karsch et al)

DECONFINEMENT
AND

CHIRAL RESTORATION

Iatticé
QC

mq/T = 0.08 |

10 1T

What are the mechanism of chiral restoration, interplay with confinement ?
What about finite density (finite chemical potential, low T) ?




Partial restoration of chiral symmetry

*Dropping of the quark condensate

The quark condensate, i.e., the scalar density of the QCD vacuum is
negative. The hadrons have a positive scalar density originating from
valence constituant quarks (scalar field) and pion cloud

=) = (Ga) 0 O wi Oh — [ &3 (Go(i)), | Scalar charge
(qa) <f1(1>m+;m Js  with s = S laa(m), | o

Introduce the sigma commutator of the hadron

oM,
Zh —= [(2 [(2 H”]}? > eonn =< h H\“B[h -== /dl e h L L( ) h = (‘?% - C}ITlh

Assuming the GOR valid =p|r === qz ;;;“T) = 1= Z psh,,,z,:h

*The quark condensate from the equation of state

OV, T, pp)=-TInZ=-TIn(Tr [ —AlHqep- “B\Bq) = Qe —VPT pp) =Vl ug)

Feynman-Hellmann i 10w oP
> |Uqy) (T,pp) == | =— = ==
theorem \q2)) (4 1a) 2 \dm \24) vas 2\ Om




Chiral restoration and hadron structure

@Q)}(”_B:T): - .-OS(JU’_BsT)Jh o 0]\[/1 9 a]\[h
ﬁj‘?@}mﬂ Lh fzmaz Oh =1 om Mn om?

™,
03 _\_& "Data”: lattice [Bowman etal ‘02]

Only the lightest hadrons contribute, -\.\Cu[fgfa:k'gﬁgavnjggmgg, Shuryek]
heavy hadrons (with large momenta o °0 0\
valence quarks) decouple from the = oL
condensate
0.0 -
. . . —-0.1
Leading order in T (pion gas) 0
. 25 -
«Dilute nuclear matter (nucleons) s
21 -
]
1.9 -l-
i\ .u e ;
((q9))(p) 1 - 0352 _ T2 7em_weyy
—_f?«'(‘x‘u — o . ) o ‘,,2 15 _— —
\qq jvac PO o f»;- .
11 Nucleons Deltas
09 T

12 3/2 52 7/2 92 12 3/2 52 7/2 92
Spin

Possibility of quarkyonic matter at high density and low T where chiral symmetry is restored but
confinement still there;



*Annex: the pion-nucleon sigma term from lattice

My,0\ obtainable in principle from lattice, but lattice data avalaible only for
m,> 400 MeV — Use ChiPT to extrapolate

But extrapolation of ChiPT M = My — 4erm?2 — 394 3

. . =M
at order m3_ fails: 327f2 "

2- Use chiral modelto  (7homas et al)
extrapolate lattice data

1- Use Higher order ChiPT

(Procura et al)
/} o 2 )
My aA=a—4+ mz 4+  Pionloop(N)
18 : . ‘ : | |
i 2.2 T s T s T
, e M, — 2 Parameter Fit
16+ /// 20 ————— \1\ — 3 Parameter Fit A
’ = M, — Preferred Fit ///,
/ L 1.8 - R ' 7
/ { .- <
> 14! = SN
> ) - n % N ]
0 - 5 A
‘—2‘ % physical point L ; N
pS 121 - lattice data (input) o h
4 1. data, m;>0.6 GeV 2
1l —— order p‘l (fit) —:,dj ]
- = order p? =
—— order p? i
0.8 I

0 0l 02 03 04 05 06
my” [GeV?]

The specific contribution of the pion cloud
is very important and depends on a scale :
the nucleon size (hidden in xP1")

oy >~ 50MeV, half of it from the pion cloud




Fluctuations of the condensate and chiral susceptibilities

*Scalar susceptibility - from the scalar correlator / e. the correlator of the scalar
quark density fluctuations

I = PN
g = 947 =2 /(/1" dr' Ot — t")(—i[0qq(0), dqq(r" t")])

(‘?"112,1

( Obtainable from the EOS )

Compare susceptibilities associated with chiral partners o

Scalar (sigma) : 4“54’:{‘ —p  Pseudoscalar (pion) : g5 5 q

SCALAR SUSCEPTIBILITY

9(3q) il7q(0). 7 |
44, — 9 /(ltl (11‘/ C_)(t . f’)(" —1 [q q(O) . qq(l" t,)],

XS —

Omyg

92w y _ 00 2 )
e = ReGg(w =0.4— 0) = /O dw (~—) ImGg(w,q = 0)

- - 2 # i 3
adm i/, MW

At finite density a strong contribution of low energy nuclear excitations is expected
PSEUDOSCALAR SUSCEPTIBILITY

To Ta (qq)(p
Xps =2 fdt’ dr' ©(t — t')(—i {@i‘?‘sﬁQ(O) Qs = q(t’ t')}? = {20le)
) ‘ 2 2 Mg




Thermal susceptibilty on Lattice
(Karsch)

03

0.2

0.1

0.0

Finite density : effective chiral
theory (M. Ericson, G. C)

— ‘I.") L
{ & st'_’_‘ 3
an Fn s
0.8 +
> §
Mec: 5000000 =
1 .
SCAL 30 PSEUDOSCALAR
w ~—
8 0.4
)
PSEUDOSCALAR R
m=00 0.2 -
VRV B % R % --—--——"""SCALAR
00.8 1 1.2 1.4 1.6 1.8 2 22 24 2.6
P/ P,
() o
T

Chiral Restoration : y¢ — ypg




Correlator mixing

vV . 4 g1
Vector and axial-vector (g = —i /d et << T (Vi (), Ve(0)) >>
correlators () = —i / d'z et << T ( Al (z), AL(0)) >>
and the corresponding —%Im (T =0) = —(¢%¢" —¢"¢") pv(¢?)
spectral functions (known 1 ) ) ) y
frcF))m data in the vacuurrg) —=ImTY (T =0) = ¢"¢" fzo(g" —mz) - (9" = ¢"¢") pa(@”)

From chiral symmetry alone to order T2 (chiral limit), the only medium
effect is the « mixing » of the correlators (no mass shift)

H’{f,”(q;T) = (l.—e)H“ffj(q;T:()) + EHff{/(q;T:O) -G~ + @

(¢:T) = (1-¢IY(¢T=0) + eIy (¢: T = 0) ES

The mixing is driven by the pion scalar density - P
T2 dk nlwg) 2 <<®?>> Pl N — T 1<<P2>>
e‘W_f_;%/(wS we 3 f2 A vy A A

This axial-vector mixing driven by in-medium pion loop effects
can be generalized for finite density and
is at the heart of the interpretation of the dilepton data (NAG0)




Weinberg sum rules

Chiral symmetry breaking: a low energy long range phenomena

Vacuum /0 ds (pv(g) — pA(S)) = f2, /O ds s (pv(.s) — [)A(.S)) =

In-medium ® 4 [ ( ImIly(w,q = 0)) ( Imlg(w,q = ()))]
/ dw? |- : ~ (= ,~ —0
0 T w? T w2
© L, ImTly(w,q = 0) ImIlz(w,q =0) |
d 2 2 [(_ ‘ ) B (_ ‘ : ()
/o W 7 w2 T w2

U P R)

ImIly(w, q
N w2 g2 W2

W

\
&
=i

1 I, (w, q= 0 4 Z 4T _ 9 Y L9 <9y
m A ( ) ,”A..[ .—1( ) ()(uu_ ”2*{_(]‘)) f;_(T) (\)(\VU“)

\2 o 2

T 9y
. " ) o2\ 1 .
Vacuum. Do _ _'"_:x m?=agf? avec a= (1 _"_‘g) ‘ (KSFR relation)
9  9a | mj
*2(T) m? m?
In-medium 1o =aZ,(T) ( [
E PEIAmAT) m(T)

The centroids m;"2(T) and m,"2 (t) becomes identical at full restoration




But we do not know the scenario !

Axial-vector / Vector in Vacuum

0.08 ——

Im IT, A/(Tcs) [dim.-less]

||.g||||

o

« V[T—>2nm vt]
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* Low-Mass Dilepton Rate:

* Axialvector Channel:

M2

Spectral Function

Axial-vector / Vector near TC

Spectral Function

U™

Melting Resonances ?

pert. QCD |

-
P N

’

Axial-vector / Vector at finite
density

Axial =Vector + 1 pion from the medium

U

d4>|<\§e ~a 8(T) Im/7,,~ [ImD +ImD,,/10+ImD /5]

TEY invariant mass-spectra ~ |m D_;(M) ?!

O -meson
dominated!



OPERATIONAL APPROACHES

AND EFFECTIVE THEORIES

FOR LOW ENERGY QCD




1- Chiral perturbation theory

Construct an « exact » copy of QCD in the low energy sector for light particles whereas heavy
particles are frozen or taken as static sources.

Possible since there is a clear separation (mass gap) A=47tf, between light particles
(Goldstone bosons) and heavy particle (p, 0, w,...).
U(o,n) ‘ .
- Only colorless state (hadrons) + Chiral symmetry breaking } o
- Dynamical modes: fluctuations of the chiral condensate in | i,
the bottom of the chiral effective potential

M=c+iT-7=5U

-In ChiPT, S frozen to is vacuum value
on the « chiral circle » . R
- U has well defined chiral properties U—=V UV R

|

> The QCD lagrangian is replaced by an effective one
involving the U matrix representing the pions

5 ¢ T ‘:}, r T ‘ R RN 2.(xr) /] f
Lacp — Leps(U.OU,2U,.0| vy =emdons|

Expansion of the lagrangian in powers of derivatives (p,//A) and in power
of the quark mass or the pion mass (m_/A)



Leading term g2 /2
9 £ = %Tr[ff{u TR0 + _,» BoTr[m(l7 + U]

The first term is highly constrained by symmetry (QCD LoM, NJL): f=fm,
The « mass » term is not universal and depends on the (chiral symmetry breaking)
QCD dynamics.

3 .

F— 5T 2} . . . . A e — ¥y _—_— ~ H
(ttu) = {dd) = —f*By in the chiral limit 77 = (M + g |1Bo|  (GOR relation)

Fourth order term / 1

LW = Z(Tr[,U'0"V))* + 21v(9,U0,U|Tr(o" U0 U]

33 2 ! 1 T TJ- 2 34 ! 1 LR TJ- ¥ T ¢ 1 T TJ-
+ ZBO (Tr[m(U+U")])" + ZBO Tro,UM"U | Trm(U+U")] + ..
Collect all Feynman diagrams generated by L. ¢ ¢. Classify all terms according to powers
of a variable () which stands generically for three-momentum or energy of the Goldstone
bosons, or for the pion mass ;. The small expansion parameter 1s () /47 f.. Loops are
subject to dimensional regularisation and renormalisation.

The unknown coefficients are fixed phenomenologically
(no real matching of the EFT to QCD)
- Tut, KK (SU(3) extension) scatterings — many successes
- Unitarized xPT
- Confirmation of the strong condensate scenario (validity of GOR)




Inclusion of baryons _

0 - . 1
ot v i = U Ly = (7, D" — Mo) U + = ga ¥y 50t
L= UuU'yYu uwy'u, u- = . = }
R X £? = o Te(xa) T — =2 Tr(uuu,) (FD*DT + hee.) + = Te(u,u) 0
X = 2B M v = 0 lrixg) — IZ LUyt ) ( + h.c.) + 5 r{u,u’) + ...
AL o =" =
: oMy
9a=1.27, c, related to o= 50 MeV which o = g = (N|mg i + dd)|N)
q
is the pion-nucleon sigma term
p g My =My +on

Many successfull applications

- Threshold pion photo et electroproduction, Compton scattering on nucleon
- Pion-nucleon scattering

- KN scattering,coupling to resonances via unitarized coupled channels

- NN interaction

Limitations of ChiPT

-The structure and the size of the nucleon is hidden: relative role of the
pion cloud vs scalar field not known
- The scalar radial field is frozen: ChiPT has little to say for mass evolution,
in-medium scalar polarization of the nucleon, mechanisms for chiral restoration
- Unitarization (account of resonances) by hand destroying power counting



‘2- In-medium Chiral perturbation theory‘

Three loop approximation (kaiseret ay

TN interaction from ChiPT + expansion in m_and k-~2 m_<= diagr. loop expansion

OO

+ 23.4 +18.2 -68.3 +11.5 @

L e i B B B L

No short-range correlations but depend on one
cutoff parameter A

25 |
20 |

15

The bulk of the attraction comes from two-pion ol
exchange through a contact cut-off dependent term

5 .

E [MeV]

0

Gives a correct asymetry a,=34 MeV but inclusion S EN )
of A(1232) improves isospin properties RSN

But the Spin-Orbit not I"epl"Oduced 00005 01 015 02 025 03 035 04 045 05

p[fm]




Density functional theory

Relativistic mean field (o+w) gives the correct (enhanced) spin-orbit

7 - O = .
U(r) = Uy + Us = (+200 — 250)M MeV U..(7) = [-5 dUy —Usg) - +200 + 250 [-§5 dU
fo o 2Myr dr +200 =250 ) 2 My r dr

Hohenberg-Kohn energy density functionnal (sinesi et ay

‘ Pion | hiPT
FHK[/)] — Ekm[[)] lon loops (Chi D

From scalar and vector mean fields

0 onMy
Zg) — —Wﬁs : y(0) m )
. T g /N S
Constrained by low energy QCD ! A+ mo] — = — =m-
4my + myg) My 0 1/,
( QCD sum rules and condensate evolution) Z%Q) = ul - f';[) A Zﬁ') ’Jf(mu. + Hld) p
msfz

But the pion cloud contribution to o, should be removed since it cannot
contribute to the scalar self-energy, /e., to the mass !



Practical solution / Kohn Sham DFT

-The Ground state density is build with auxiliary single particle orbitals in a self-
consistent local potential built from the functionnal
-The Kohn-Sham equations are solved in an equivalent point coupling model
which reproduces the self-energies resulting from E,(r) et Exc(r)

Influence of the A
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3- The QCD sum rules (QCDSR)
Basics of QCDSR

Relate the hadron spectral function (p,w,@) to quarks (and gluons) condensates

Current-current correlation function from its spectral representation

1
HZZE/'4 9. Hz), . =1 2/ =
(¢°) =3 | dze™ <o|T (J"(2),Ju(0))[0 >=11(0) + ¢ 0 s P —stin

- 1, - 1
(uyH'u — dy*d) Jh = 5 (ay"u + dy*d) Jh = —§§'y“3

B

Currents with quantum Jh =
numbers of the hadron

For large space-like momenta (Q2=-g2>0), use « OPE » (FT of Taylor
expansion around x=0)

Spectral function

© ds (—%) ImTI(s) «—

I(¢° = -Q°) _ /
0

QZ

s s+ Q2 /E C,~condensates
2 3/

c1 o c

dy 1 Q :
53 —cpiln “—2 +Q2 + L +Q6 + eeee

Problem: OPE valid at large Q2 where many resonnances contribute to the
dispersive integrals




The trick: Borel transform: Q2 =% Mg«

1 " d-.".'*' Ve ( _]_ ) o (.il' 1 Co Cy
,, —e VB A ——) ImIl(s) = s o+t —+—/F+ —7 t+..
M3, / s | R Tre L VA VIS V70

High part of the spectrum exponentially supressed: favorize low energy resonances
Choice for Mg: convergence of the integral and OPE: 1 GeV< Mg<1.5 GeV

Application: vector mesons in vacuum ,
19 7 N ch=1+ as(@) : f = =3(m2 + m3),
R(s) = ——=Z rmTi(s) = PvDar(S) LT
S : Ny 2 T
Qs h=—<G-G> +47°(my < uu > +mg < dd >)
+ dy (l + —) O(s — sy) ‘ 3 -
T b ~ “Condensats & quatre quarks” ~< (gg)* >
Ve ( ) - 2 1.1
Pole ansatz: AVDM\S) = Fvi(s —my) -
10}
Je.
L 09
o E left side (DR)
NE s i —== right side (OPE)
. — _ 2 Y -=-=== simplified ansatz
myw = 0.77TGeV, me = 1.02GeV] = |fi
0.7 ; ! (a)
/]
0.6 — : : :
05 0.7 0.9 11 13

M|GeV]



Analysis of the X(3872): Many new « exotic » charmonium states recently
discovered: not (easily) explainable by quark models (BaBar, Belle)

JPC Special QSR QSR molecule
feature tetraquark
X(3872) | 1++ | B(XImam)/B( | [AV][S] m=3.92 | DD* m=3.87
<23 ' X2nn)=1 {Nielsen ..) (Nielsen, ..}
“ B(XDvy'y)/B(X
2yy)=3

[S1=;C7sc,. [PS]=0q,Ce,.

D0 =7qc. D =iqy.c.

[V1=q;C¥57,C-
D*=qy,c.

- J=[s][V] Tetraquark current

4 : :
) =0 MoV
8 = (4.2 GeV)* 4 MaV
o 8 MoV
4.05 N Exp — .
s,
N,
= Y
& a9 N
P e,
& iz
- TS PTRE
Tetraguark
3.8
2 22 24 26 2.3 3

A,

antidiquark - diquark

Borel Moss W [GeV?]

[AV]=q;Cy,c,.

Dl =FIY,»;7:<C~

J=DD* Molecular current
4
I'el) MOV e R
2 eV Smmmm o« (138 GoV
MoV -
3086 b 6 MeV
8 MV
Exp —
? 35 B e
2 ash T
£ . seus o
e —
3186+
0 D motsculs
38
2 22 24 2.6 28 3 32
Borel Mass M¥ [GeV¥)

X(3872) most probably

a molecular state

Nielsen
Navarra
SH Lee

D°-D “molecule”



In-medium hadrons

In the strongly interacting medium (finite p or T) the fundamental QCD
condensates are modified:

The QCD Ground state is modified (change in the symmetry pattern of QCD):

we thus expect that the elementary excitations (hadrons) of the changed vacuum
are also maodified: change of mass, width, coupling constants,...

On the other hand in-medium changes of hadron (associated correlation functions)
are usually calculated within hadronic many-body approach, i.e; chiral dynamics

The central question is thus to make a connection between the (observed or
calculated) in-medium changes of hadrons and (precursor) effects of chiral
symmetry restoration

Use QCD sum rules generalized at finite density
Bottom to top attitude: follow the evolution of the hadron spectral functions
and relate it to the evolution of the QCD properties (condensates)




Pion propagation in nuclear matter

*Pion-nucleon p-wave
coupling

Coupling to A states

*In-medium pion propagator

D(w, k) =

H.ny = /dr—-\ f}‘“%—d“@z\ ~ — /dr2

(Torino,Lyon, ...)

JA _-"?\"Ti aV@F_\T

™

0. Tj —> (ngA /QWNN) S-q Tj

(wQ—w,%—Sw,

K)

At high energy the strength function is dominated ok ok
| itati R NN
by two_(cc_)IIectlve) excitations wov= of W Ty e T
-The pionic branch Q, ok, \ S \/ s
-The Delta branch Q, |
5 12000 [} 208, B
3 2) - &) $ PROTON
3 () ey <4 vacuum E -
,,,,,,,,,,,,, f“"_(l_,).f(‘l’f) T Softening of the Z 800 i
B D —— pion dispersion 3
..... . S _ e _
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— 400 _
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Scalar-isoscalar modes (« sigma meson ») at finite density

*Original idea: Softening of the pion dispersion relation
—» Modification of the two-pion propagator and the unitarized
pion-pion interaction —— modification of two pion states :
correlator in the sigma meson and rho meson channels

«Scalar-isoscalar modes

e A(r.77) (CHAOS,
CB), A(~,77)(TAPS)

Downwards shift of the

- fod 3 & »
i
' ¥
¢ h
B
/./'/
¥
1 | T 1
/
- - 13 123
= =
L.\,__%
'qt”\.%.
L | = ., §
& "'».; ‘
u ¢
| '/.
- ] 2 mw
-3

o invariant mass distribu- 2.} Aty e ] = g e g
; . . - E — /
tion in the scalar-isoscalar <17 %\"\\ 1 = ?,7’ \%'
channel [ = J =0 i Ned B4t B, S
5 iy T TS :' ) T » \ . A
e What is the role of : % iz bty LA
IS SRSt ’
‘ . | “+\ /4! ‘g
- Chiral Dynamics of f H 73( IRANRN )
[/ N, .
L) T | 1 ‘*, ok LA S . Y
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Connection with the pionic enhancement of the scalar (chiral) susceptibility




The rho meson at finite density V= pwd

-
o
-

Rho meson propagator from the 2
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In-medium QCD sum rules

I (q) = —i /d%p“f’ < A(p)|T(J"(2), J*(0))|A(p) >

1 de 2iar2 1
— () + | = ¢w/M (__) ImTl
M.% [ 0 / w? ¢ ’ T milw,0)) =

1272 M3 * M, * 2 M5,

dy !ﬂ L al) o) | al) +]

Early analysis

P meson: loses its quasiparticle status : a simple pole p_ Mo _ 18
ansatz leads to an erroneous dropping mass scenario ! Mo M 0

Hadronic calculation: QCDSR analysis comptible with a broadenning
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i
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(Klingl et al)



The rho meson in a scenario of pure chiral restoration

(Leupold et al)

Aim: isolate the role of chiral restoration on rho meson spectral function)

— / ds s 1 Im
i 0

[(s) e™*/M" =

1 Q
Cy = b’"—) (lTT) y
s
() = —— (m“%—m,)
l
e = 51+ (} ) (1, (i) + mg(dd)
l
T @ N
Fi Vsl(s)
Lhs: Imll(s < s5.) = - — (
‘ T (s *—é—%f“{s)
Rhs

Four quark condensate:
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Drop only « chirally odd » (not chiral invariant) condensates
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Fix all the parameters : mass and width of the rho , condensates from a QCDSR
in vacuum

*QCDSR analysis at full restoration (chirally odd four-quark condensate vanishes)
Extract the (mass, width) of the rho meson at full restoration

Mass at the
\ \

.\ vacuum value
1.2F . o1l
’ —0.09}
% 0.07]
GEea |
; 0.05F
= 0.03}F
0.01}

00/ 05 10 15
/i 0.5 0 )

sak g GCV -E

=
(=1

m

In

o2 o4 | : 0-
r [ GeV | Width at the s [ GeV? ]

Vacuum value

*QCD SR analysis compatible with both a dropping mass and and a broadening
*In all the cases , QCDSR requires more strength below the rho peak

*Sizeable broadening favorized by model calculations (chiral dynamics)

(pion cloud, resonances)




Connection with chiral restoration .c. J. Delorme, M. Ericson)

Axial correlator at finite density

Aj Aj SO e o
AN W e @A A ,,»\.; - D, P T V2 VI SEUZN N S 1\\\» /’/\/ A ,/x.v,(\ _,,,\/‘/\ PR
- B ~g—
1

-f—gAij(k) = kik;D(k) + 2k;k; Tl (k) D (k) + kik, T (k) + (6;; — kik;) T (k)

= k‘i/ﬂj(l -+ ﬁo(k))zD(k) + l:zi;jﬁ()(k) + ((’)?3 — /;:Iigtj)HT(k) .

Vector correlator at finite density: the pion cloud contribution contains
a correlator mixing effect at finite density

id*k T
Kolo) = [ ( - Gy(k) Dlka) + Ayi(ko) D(k1)) D

—(1+ Mg (k) (1 +

| Axial vector mixing: Vector €% Axial vector + In-medium pion |




The in-medium rho meson within the ages

In-medium 11 cloud
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Strong broadening/melting of the p — pQCD continuum
Baryon density more important than T




Lowering of the quark-hadron duality threshold
as a signature of chiral restoration

> fm™ GeV™]

dR__/dM

free HG
— in-med HG
— free QGP
- = in-med QGP

N T=150MeV

\\0

E

[9G—ee]
qq + aa cr) - HTL]

[Braaten, Pisarski+Yuan '90]

® Hard-Thermal-Loop result
much enhanced over Born rate

* “matching” of HG and QGP
automatic!

* Quark-Hadron Duality
at low mass ?!

* Degenerate axial and vector
correlators?




QCD PHASES
AND SYMMETRIES

CHIRAL RESTORATION
AND DECONFINEMENT




Thermodynamics and phase structure

We use preferentially a description in terms of intensive variables
Temperature: T
Chemical potential associated with conservation law: baryonic chemical potential: u
Pressure: P=P(T, u) (equation of state)

Why ? - System in thermodynamic equilibrium: P, T, 4 uniform (phase coexistence)
- Lattice calculation done with T, i as control parameters (Grand canonical)
- Particle production in HIC from a thermal source anf fireball evolution
constrained by conservation laws

Uniform system AP = odl -+ /Od/U»
Density of extensive quantities from the first derivatives of the pressure

Y & “‘] _Y p E
az‘—s,:@—f) p== (&5 e===To+up—P
“'/ ()1 /J r:l‘

v \ou V
These quantities can differ from one phase to another phase




First order phase transition

Given T, u: coexistence of two phases with two different « mechanical » densities

([}1: 61) (,02j 62)

EX: Nuclear Liquid-gas transition
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£ -4.0 -3.0 2.0 -1.0 0.0 10 Density p/p,

Chemical potential (u-m)/T_

Phase coexistence terminates at a certain critical point (T, u,) where there is
no longer discontinuity in (p, €) but the susceptibilities may diverge
C =T (d—g - — e
or ), ~ | T —"T. @ Second order transition
ap | a: critical exponent
XB = ( Em ) . (universality class)




QCD phase transition and chiral symmetry

In some systems (spin system, QCD in the chiral limit) it may happen that there is
an underlying exact symmetry: different phases with different symmetry realization

Trivial case, symmetry restored: the chiral transform maps the ensemble on itself
*Spontaneously broken symmetry: chiral transformation creates another ensemble
with the same (g, p). Another variable is needed: ORDER PARAMETER

2 om

-

(Hysp) = / d’r2m (qq)| = P(T /L, m) —> ((G¢) = _l (i)P(T. /1.77’1))
. rl,/l

@ The symmetry breaking transition may very well be of first order: the order
parameter, as the other first derivatives of the pressure (g, p), is discontinuous

@ It may happen that the first derivatives of the pressure (o, p, {(7¢)) are continuous
But since the transition connects two states with different symmetry pattern,
thermodynamic quantities should exhibit singularities .

Susceptibilities (second derivatives of the pressure) may diverge

=T (d—(T) \B = (()/)>
Jl p o) ¢

Second order phase transition

~ |T'— T,  Universality class:
SU(2)XSU(2) lom ~ O(4)
O(4) ferromagnet




Universitality argument Real QCD: phyical quark masses
(Pisarski-Wilczeck)

T, GeV -
! (‘)(JP 7. GeV Q(JF
restored chiral symmetyy massless quarks
S
critical T
01l pomt
0.1+ _
| hadron gas
YR L
— yacuum / CFL
0 1 itp. GeV
0 I ug. GeV
Nf=2 chiral limit
T
I, GeV
2 massless quarks critical line, mgy =0
//’
T My
. tricritical point, m = 0
N
|
0.1 A\t~ line of end points, m, # 0
LT
/B \ \ \ \\
"\,I \ v A Y
\ surface of 1st order
transition<
VoA
| triple i E
- riple line, m, =
0 | 115, GeV | B a




Real QCD: first order transition which terminates at the Critical End Point (CEP)

Low W, high T: continuous (although sudden) crossover
*Many similarities with the phase diagram of water

T, GeV QGP

o

,,,,,
/////

....

.....

Uz, GeV

u= 0 crossover: T=175-185 MeV

(Bielefield) (Fodor et al)

CEP: Tz=162 MeV, p= 360 MeV




QCD phase diagram and heavy ion collisions

FIG. 1: A schematic of the phase diagram of nuclear matter. The location of the CP is placed within the RHIC BES range.
Lattice QCD estimates [17-19] indicate that the CP falls within the interval 250 <pug< 450 MeV. The black closed circles are
current heavy-ion experimental calculations of the chemical freeze-out temperature, Ty, and pg based on statistical model fits
to the measured particle ratios. The vellow curves show the estimated trajectories of the possible collision energies at RHIC.



QCD partition function

o H=uxp—L
Partition function Z=Tre =% (nle™n) .
n p=0L/0%
Quantum mechanics |-n.> = |;1?> Gauge theory  [n) = [A(7). L'(’\!—")>‘
OV

Since A, has no conjuguate momentum:

540
JA)

It follows that Gauss law has to be implemented at the level of physical states

(D;'”)E,b - /)a) ) =0 DY"E! = O,E" — gfunAa - E,

4 Ai
Pa = Q-{f?@-’f

b<te

1Y = —G§ = 0, A, + 00 A, — gfarcAyAL = —EY

And the quantized form of gauge invariance is

W (i’ -g'(-F)) = (h (i' - a’ﬁ) A, /z.-u‘-v(?)) h(r) time independent gauge transform

|

Z=Tre M =]] / DA(7) / DY) ( AP), —(7)| e " 6 (DPE? - pa) |AGF), $(F))




Euclidean action and center symmetry of QCD

The partition function admits a path integral representation

Euclidean action

H /D4rr4/Dt:14fD:714 —Se

7, 0<e <3

Sg = /(114/(/1[.] 4441)(1 r4)

with 7, (:‘14. A, zx(F)) (F.xq) = T

A O

)(l I[)——/lﬁ

Periodic boundary conditions AF. 2y + B) = A(F.2y),  OF. 24+ B) = —0(F, z4) |
(trace operation)

Gauge invariant L : A, — "A, =hAh" +iho,hT, b — M = ha)

*Gauge invariant actlon L | . Wi P

(Periodic gauge transform) Au(roag +0) = "A(F,24), O(F ey + 5) = =", 1y)

Transformation periodic up to a global (constant) f W ey +3)= fh(r,xy)

2imn/3
(, E,

n=1.

9

3

o
.

-

*The pure gauge action has the
center symmetry Z(3)
*Z(3) broken by quarks




The Polyakov loop as an order parameter for deconfinement

Pure gauge: put a static (infinitely heavy) static quark Q at point R

3 3 ~
Quark-glue interaction Sq = / diy / d’r (gfa o(r — R) (—iAf) (7, x4) = —1g / dxy Ay(R, x4)
0 0

The partition function is Zo(8, R) = /D (A, )] e Selpuredanoe) [ (R)

S 1 [ S
Polyakov loop: L(R) = v Tr. erp [/g / dry Ay(R. .1'4)}
Ve 0

Za ;

— | Y A o — PR
' (R _ DIA . 1 :—bl,j(pureguug(f) L(R) = — “:\,—:,if'Q(‘]i')
< ( 1)> Z(Glue) / [ o } ( () Z(Glue) f

* The Polyakov loop is gauge invariant but NOT Z(3) invariant [, ( ﬁ) — z L ﬁ)

« If color is confined (low T), the free energy: fo = -—X| b = < L) — ()

« If color is not confined (high T) o 7é () O(I'=00) =1 ‘

The Polyakov loop is an order parameter for the center Z(3) symmetry
associated with confinement/deconfinement for pure glue




The Polyakov loop as an order parameter for deconfinement
In pure gauge theory

QCD partition function 7 =Tre " = Z (nle ™ n) = / [didA] P

3 ’
Euclidean QCD action Sp = / diry / d'r L (i, A) G5 =1/T ‘
0

The time X, is replaced by the imaginary time x,=-1i X,
The field A, is replaced by A,=-i A,

5]
Define the Polyakov loop L(R) = \i Tr. exp [/,, / daoy Ay(R, .1-_1)}
“ve 0

Pure gauge: put a static (infinitely heavy) quark Q at point R < L( ﬁ)> _ o—BFq(R)

*If color is confined (low T), the free energy: Fo =+ | b = <L> — ()

*If color is not confined (high T) b £ 0 (T =) =1 ‘

\

The Polyakov loop is an order parameter
associated with confinement/deconfinement for pure glue

The associated group symmetry is the center Z(3) f — pimn/3 193 |



Real QCD

Chiral symmetry is not exact: although small , m, and m;~5 MeV are finite.
The quark condensate is no longer an order parameter but remains a good
indicator for the rapid crossover for chiral restoration

Center Symmetry is not exact in presence of light quarks
The Polyakov Loop is no longer an order parameter but remains a good Indicator
for the rapid crossover for deconfinement (although no precise criterion exists)

These statements can be tested on the lattice at zero chemical potential
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But strong difficulties of lattice QCD at finite p




The PNJL model

Aim: study simultaneously chiral restoration and deconfinement in the whole (T,u) plan

The vacuum possesses a quark condensate (NJL): parameters fixed on vacuum
The vacuum possesses a condensate of « Wilson lines »

Quarks coupled to a background gauge field associated with the Polyalov loop

R : 3 .
L = E;\?']L — 1 (j' :14(1 — U<(I), T) d — \1 Tr, exp {z’g / dry Ay(R, ,171)]
’ ‘Ye JO

" \

FARS] (29’&'}

Grand potential T, p: M, ®) = U(®,T) + M — 2N; N, / “"””3 E, + Qop(T. i; M, ®)

o \ . d*p o —B(Eu—u) —9B(Ep—p) 1 . —38(Ep—p)
Qop(T,p; M, ®) = —2N; /(‘_M])3 [in (’1 + 3De PEr—1) 4 3@e28Er—1) 4 o—30(Ep “)
+in (1 + 3Pe P ErtH) L 328 (Eptu) o (,ﬁ—fi‘i{fﬁg.%;f})
Polyakov | d constituent o
olyakov loop and constituen o = E, =+ M2
quark mass obtained from 50

e {])
O



Pure Gauge: Effective potential for Poliakov loop U(®,T) fixed by comparison with
pure gauge lattice data

0.2

€.5,p (scaled)

P(T) = —U(®,T) 0 AN
| 0.8 = ]
‘4| (Rattietal)  , o6 ]
s F Y, n ]
- 04 — 7

1 15 2 25 3
T/To

Inclusion of quarks: Comparison with lattice data at zero chemical potential

m/m(T=0) <P

oo

6

0.1 0.2 0.3 0.4
T [GeV]

Deconfinement and chiral
restoration (almost) coincide




Improved potential

(Rossner et al)

U(D, d*,T) [ _. - 3 3 :
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Finite chemical potential

Quark number density

| o 1 -
Lo (@—FQ(I)G_J(*E”_’“)) e—:ff(b'l,—p) +€—,3:,‘3(b1,,—/,1) 0 8 ] , .
f(I)( SO ((T)—i—(I)e—*"(Ezf—/‘))6?‘-‘“fﬁ'p—/1‘)+e—3'3('b'1»—/1) ,. /NJL S
. 0.6 ,
F04 )
High T . 1 ((By=n)/T | - A /
() =1/ (e 4+ 1) 02/
<(D> — 1‘ f(;') ( ])) / + // | /12102 MeV
: i ).5 | 1.5 2
Low T ot _ ME,-p)/T | - 0>
<(D>:O ]L() (Ep) — 1/ (( f ' + 1) T/TC

Polyakov loop considerably decreases the net quark number at low T

PNJL mimics three quarks clustering: « statistical confinement »



Recent PNJL calculation (coimbra- Lyon)

PNJL phase diagram Baryon number susceptibility
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SUMMARY

QCD is gauge field theory based on invariance under LOCAL SU(3)c transformation

Only color singlet hadrons exist with M ~ 1 GeV and R ~ 1 fm (but m.=140 MeV)
This is color confinement

In the light quark sector QCD is classically scale invariant. Scale invariance is
broken by quantum fluctuations

All the physical observables scales as O = C Aqcp fundamental scale of QCD

Existence of a gluon condensate; The « binding energy » of the QCD vacuum
due to non perturbative quantum fluctuations is 0.5 GeV.fm-3

The nucleon plausibly looks like a Y shaped string ended by constituent quarks

In the light quark sector there is an almost exact global chiral symmetry
-Vector symmetry: isospin multiplet
-Axial symmetry spontaneously broken:
--- No parity partners with opposite parity
--- Goldstone bosons: pion. Low energy pion weakly interact (Chi PT)
--- Order parameters: pion decay constant, quark condensate
-Chiral symmetry should be progressively restored by increasing temperature and/or
baryonic density (rho meson spectral function from NAG60)




QCD phase diagram: from lattice and models:
Chiral restoration: first order line terminated by a critical end point (CEP)
Low baryonic chemical potential: crossover
Quark condensate (Polyakov loop) indicator of chiral restoration (deconfinement)
Lattice , PNJL: chiral restoration and deconfinement coincide
Experimental search for the CEP: RHIC energy scan, FAIR/CBM




