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Challenges in QCD

® Asymptotic freedom at high
momenta (Gross & Wilczek *73, Politzer '73)

® running coupling exhibits Landau
pole at small momenta
— pQCD fails

® Understanding of QCD in the mid-
momentum regime is needed to
study confinement & chiral
symmetry breaking
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QCD phase diagram

FAIR, www.gsi.de

Temperature T [MeV]

Neutron

1 .
Nuclei Net Baryon Density

perturbation theory fails: enot convergent even for very high temperatures:
strongly interacting QGP
ephase transitions: long-range fluctuations are
important




QCD at finite temperature

current quark mass dependence of T, 7
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QCD at finite temperature

current quark mass dependence of T, 7

1st or 2nd order? : :>

A
Tf;f—=g ~ 1*5 MeV

pure |Td ~ 270 MeV

- Gauge

1st”
2nd order qrder

¥ 0(4)? +
mgs' ~ 2.5 GeV
“ =3

? phys. crqs‘énver ng=1
point '

2nd order crit -
/ 20 = mgl~ 200 MeV

_3 N
T3 ~ 155 MOWR| - Karsch et al. ‘03
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flavor number
dependence of 1T, 7




Many flavor QC

“trivial phase”:

no asymptotic freedom
no xSBin IR

no confinement

eone-loop B-function
b1

A
7 N\

O = Bla) = — 6i7r(11NC —2N}) o?

o) <0= N; > 1—21NC Y=%165 (QCD is NOT asymptotically free)




Many flavor QC

“conformal phase”: “trivial phase”:
asymptotic freedom asymptotic freedom } no asymptotic freedom
YSBinIR no xSBin IR no xSB inIR
confinement confinement? no confinement

Ng or =7

eone-loop B-function
b1

A
7 N\

O = Bla) = — 6i7T(11NC —2N}) o?

o) <0= N; > 1—21NC Y=716.5 (QCD is NOT asymptotically free)

®); > 0: QCD is asymptotically free




Many flavor QC

Nfer =

Ny or = 12 (Appelquist et al. "96)
Ny or = 8 (Brown et al. ’92)

Nt or = 10 (Kogut et al. "92)

Ny ¢r from Functional RG : this talk

) < (|

\_
®); > 0: QCD is asymptotically free




Functional RG



Functional Renormalization Group - Flow equation

IR: k — 0 .=I/= UV: k — A

large length scales small length scales O Ry,
<« 2

Ry ~ k

start at classical action and include
quantum fluctuations successively (by lowering k)

e RG flow equation for the effective action: c. wetercn o3

1 0; R 1
kORI, = O, = =T = —
kL k ti k 9 rrk(Q) 4 Rk 9

e chiral symmetry is preserved: Ri = Ry (i@)

®gauge symmetry == modified \Ward-Takahashi identities

(Reuter & Wetterich ’97; Freire, Litim, Pawlowski '00)




Functional Renormalization Group - Features

A

|dea: to integrate out
“Theory space”: momentum shells from
spanned by all couplings high (A) to low
momenta: study the RG
flow of the operators

I'.—
& k=t
|

large length scales:

Full Quantum
Effective Action

microscopic: small length scales




Functional Renormalization Group - Features

for example QCD
“Theory space”:
spanned by all couplings

NJL, Quark-
Meson-model,
PNJL, PQM, ...

perturbative
QCD




Functional Renormalization Group - Features

“Theory space”:
spanned by all couplings

RG flow equation: determines the change
of the scale-dependent effective action
with the variation of the (momentum) scale
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Functional Renormalization Group - Features

“Theory space”:
spanned by all couplings

RG flow equation: determines the change
of the scale-dependent effective action
with the variation of the (momentum) scale

RG flow

T




Functional Renormalization Group - Features

“Theory space”:
spanned by all couplings

RG flow equation: determines the change
of the scale-dependent effective action
with the variation of the (momentum) scale

R
= k=0
RG flow

(i




Chiral phase boundary of QCD




Aspects of the NJL model

® classical action of the NJL model:
S = [ {59 + 2 [(96)? — (15071}
® spontaneous symmetry breaking if quark condensate is non-vanishing: (1) # 0

ebosonization of the NJL model yields (o = 2,9ty , m = =2\, hysep) o0 Stetonovich

5= [ {90 +30 +hamo - (02 + )

o

=== )\, is inverse proportional to the scalar mass parameter, m?

1
X —
Ao

V
A

m* > 0




RG flow of the NJL. model

® cffective action of the NJL model:

= [ {0 + 25w - @)

o RG flow of the four-fermion coupling:

0: Ry,

kO N\, = 2N\, — N, A@\a

B A

RG irrelevant flow

Etowards
 xSB




RG flow of the NJL. model

® cffective action of the NJL model:

= [ {00+ 500w - @ |

o RG flow of the four-fermion coupling: o
kOkAs = 2A6 — N A@O

RG irrelevant }  flow | |
'towards Problem: QCD starting point

! XSB iS)\g =0 fOFA =>> AQCD
! =)\, (A) must be “tuned by hand”

B A




Flow of four-fermion interactions: adding gluons

® cffective action:

S + 00+ 940 + 55

Py wawbﬂ}

2k2 o

eflow equation for the four-fermion coupling:

N. 3 N2 —
42

kO )\, = 2\, A\, 2




RG flow of the NJL model: adding gluons

® cffective action:

S + 00+ 940 + 55

b2 WW)Q]}

ng 572 |

eflow equation for the four-fermion coupling:

N, 3 N?—-1
4772 812 N,

kO = 2\, Ao




RG flow of the NJL model: adding gluons

® cffective action:

t= [ {GFa g+ 060+ a0+ 251G 002 - (0 |

eflow equation for the four-fermion coupling:

N 3 N2 -1 9
kOL )\, = 2\, “ )\, 2 & )\,
& A2 812 N, g @7@

fixed points vanish, if (¢ g becomes
large enough
== >there exists a “critical” value
for (vs above which we have .S B
== >we can have \,(A) = 0 and still
have ySB in the IR




RG flow for the chiral QCD sector

® cffective action:
Ty =T+ [ (iZyp@ + Z1gA)Y + 5 {k—(v A) + S (V4 A)

F35(8 - P) + B[RV — A+ (1/N(V — A)

®no Fierz-ambiguity

®initial values for four-fermion interactions : lim A; =0

A—o0

etruncation checks: momentum dependencies, regulator dependencies, higher
order interactions (. Gies, J. Jasckel, C. Wetterich '04)




“Criticality” at zero and finite temperature

B
A ~~~~a:0& T>O

® critical gauge coupling /., :

if vg > Q. === no fixed points === 5B

® ot zero temperature: H. Gies, J. Jaeckel '05)

N,=N;=3
Qo ~ 0.85




“Criticality” at zero and finite temperature

B
A ~~~~a:0& T>0

® critical gauge coupling /., :

if vg > Q. === no fixed points === 5B

® at finite temperature: us, H. Gies '05)
Qe (T/R) > e (T = 0)

quarks acquire a thermal mass




RG flow of gluodynamics: running gauge coupling

® operator expansion with background field method Reuter & wetterich ‘04; Freire, Litim, Pawlowsi '00)

® ansatz for the gauge sector:

Iy = / Wi (9) + T 4+ T8 (P4 My, ) + DT, )

with Wi (V) = ZaAF;, F}, +w2(FgVF§V) +w3(F§VFgV) + ...

¥ ¥ ¥ ¥

oflow: 0:2 4 O wo O w3 Oy ... (HGies'02

. . 2 —1-2
® running coupling: g = ZA g (Abbott '82: background gauge)




RG flow of gluodynamics

10

."-._-one loop (T=0)
T=100 MeV

T=500 MeV

k [GeV]

® R fixed point at zero temperature ¢. Gies 02)

cf. vertex expansion in Landau-gauge QCD: SDE: v. Smekal et al. '97, Fischer et al. '02; RG: Pawlowski et al. '03,
Fischer&Gies '04;




RG flow of gluodynamics

10

."-._-one loop (T=0)
T=100 MeV

T=500 MeV

k [GeV]
epQCD at high scales: £ > T
® /a2 X T decoupling of hard gluonic modes == “finite-size” effect:
pz,o = w2 =4n*r’T? — w5=0
odecrease for T 2 k due to existence of a non-trivial IR fixed point

In 3d Yang-Mills theory: strong interactions at high temperatures us, H. cies '0)

k
aup ~ 04§DT + O ((k/T)?) with ofp ~2.7; n3q — 1




Chiral

Phase Transition in QC

ostudy: a..(T'/k) vs. as(1'/k)
eintersection point of «v.,, and « indicates onset of yY.SB

N

" oy at T=130 MeV —
a,, at T=130 MeV

T

" o at T=220 MeV

o, at T=220 MeV

0.4 0.6
kcr k [GeV]

esingle input parameter: as(m.,) = 0.322

(JB, H. Gies '06)

0.4

K [GeV]

TC’I"

Ny=2+1

TC’I"

172 MeV Lattice (Chen et al. ’06)

192 MeV

148 MeV

Lattice (Aoki et al. ’06)

151 MeV




Chiral Phase Transition in QCD: Error estimate

ostudy: a..(T'/k) vs. as(1'/k)
eintersection point of «v.,, and « indicates onset of yY.SB

N

" ogat T=130 MeV " o4 at T=220 MeV
o, at T=130 MeV 1 - o, at T=220 MeV

—

oi4 | Oi6 | . | 0.4
kcr k [GeV] k [GeV]

esingle input parameter: as(m,) = 0.322 + 0.03

Tcr Nf =2+1 Tcr
17273 Lattice (Chen et al. *06) 192 MeV
UB. H. Gies '0) 148757 #e Lattice (Aoki et al. "06) 151 MeV




Many-flavor QC

W (JB, H. Gies '06)

® small V¢ : fermionic screening
e critical number of quark flavors: N ¢, = 12 (. = 10 fom RG at 7=0, Gies & Jacckel 05)

e“conformal phase” for Ny .. < Ny < 16.5: asymptotic freedom but no xS B




Many-flavor scaling regime

0.4

B (UB, H. Gies '06) |

0.3

0.2

0.1

0

-0.1 +

-0.2

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
G=0/8n

efixed-point regime for large Ny: critical exponent |©|
0rg” ~ |0|(9” — 97)

e shape of the phase boundary for Ny & Ny .. (B, H.Gies'06)

L

Ter o< [Ng — Ny with  |©] ~ 0.71




1

0.8

0.6 -

0.4

0.2

0

D with one quark flavor

Functional RG

(JB 07, PRELIMINARY)

0

0.02 0.04 006 0.08 0.1 0.12 0.14

w/(wT(0))

e first Taylor coefficient from Lattice QCD

Lattice QCD

(de Forcrand & Philipsen ’02,’06)

Ny =72

Nf =3




(De-)Confinement Phase

Transition In Yang-Mills theory




Confinement at zero temperature

potential of a quark-antiquark pair:




confinement at finite temperature

® infinitely heavy quark moving in Euclidean time direction:

ov,

5 — lng\Ifq — — \Ifq(f, 7’) = [P exp | 1g tho)] \Ifq(f, O)
-

infinitely heavy quark propagating in (Euclidean) time direction

e Polyakov-Loop: T =B = 1/T (poyakov 78, susskind 79




confinement at finite temperature

® cxpectation value of Polyakov-loop is related to the quark free energy F, -

(TP (i) ~ / DATepP () e ~ o

—— > deconfinement:
F, finite <= (TrpP(@)) %0




confinement at finite temperature

® quark-antiquark correlator:
lim e 7w ~ lim (TrP(Z) - TrPI(7)) < e 7e)?

| Z—1|—o00 | Z—4|—00

deconfinement

F, finite <= (TrpP(Z)) #0




oerturbative Polyakov-Loop potential

e perturbative Polyakov-loop potential in
background-field gauge A,, = d,,0(Ao)

4 cos(nv;(¥)3(Ao))

minimum at G(Ag) = 0:
deconfinement (broken Zs3-symmetry)

(TrpP(£)) ~ e e £ 0

(see N. Weiss '81,'82) )




non-perturbative Polyakov-loop potential

oG Flow of the Polyakov-loop potential in Landau-background-field-gauge
(J.B., H. Gies, J.M.~Pawlowski '07)

| | O, Ry, O Ry
kORVi(B(A0) = g | 5T -
kVi(B(Ao)) = o (2 F](CZ’)A[6<AO>] + R, F,(f;h[ﬂ@‘l@] + Rk)

o \we need to know the full momentum-dependent two-point functions!




non-perturbative Polyakov-loop potential

oG Flow of the Polyakov-loop potential in Landau-background-field-gauge
(J.B., H. Gies, J.M.~Pawlowski '07)

| | O, Ry, O Ry
kORVi(B(A 1x -
kVi(P{Ao)) = QT ( 0, [8(Ao)] + Ry F,(f;h[ﬂ(z‘loﬂ T Rk)

eo\we need to know the full momentum-dependent two-point functions:

p
use: e.g., results from FRG studies for the ghost- and gluon-dressing

functions in Landau-gauge QCD (see J. M. Pawlowski '07)

or from Lattice QCD studies (see e. g. Bonnet et al. ’00, Sternbeck et al. ‘06)

\_

ethen: we need to know the relation between Landau gauge and Landau
background-gauge propagators: .8, H. Gies, J. M. Pawlowski '07)

Pl 3(A0)] = T (07 — D*[B(Ag)]) + O(F)




non-perturbative Polyakov-loop potential

oG Flow of the Polyakov-loop potential in Landau-background-field-gauge
(J.B., H. Gies, J.M.~Pawlowski '07)

1 1

V(B(40) = 57 (;rr In TR [8(A0)] = TrIn Ty [/3<Ao>]) +O(OiT)

eo\we need to know the full momentum-dependent two-point functions:

p
use: e.g., results from FRG studies for the ghost- and gluon-dressing

functions in Landau-gauge QCD (see J. M. Pawlowski '07)

or from Lattice QCD studies (see e. g. Bonnet et al. ’00, Sternbeck et al. ‘06)
\_

ethen: we need to know the relation between Landau gauge and Landau
background-gauge propagators: .8, H. Gies, J. M. Pawlowski '07)

r2 840 =T (0> — D?[B(Ay)]) + O(F)

— - Landau

e analytical study of RG equations yields a criterion for quark confinement:
4

() —




L andau-gauge propagators & color confinement

IR 1
(p2)1—2~

TP)~t = Dap?)

|

efor © > 1/2 we have lin%pZD(p2) — (0 (D. zZwanziger '91)
p—)

==— Signature for color confinement ugo, ojma 79)

eorcsults for K
Method K

DS E/SQ O 595 (Lerche, v. Smekal *02; Zwanziger '02)
FRG 0539 S K S 0595 (Pawlowski, Litim, Nedelko, V.

Smekal '03; Fischer, Gies ‘04)

. (Sternbeck et al.’05; Olivera, Silva '06;
L attice > 0.9

Cucchieri, Mendes ’'06;Cucchieri,
Mendes '07; Sternbeck et al.‘07)




Polyakov-Loop Potential in Landau-gauge

(JB, H. Gies, J. M. Pawlowski ’07)

1 6]
eorder parameter L[(Ag)] = FP exp (Z/ dt<Ao>>
0

C

0 2r 4r
T T T I T T T |

0.0 r

[ T = 295 MeV
-0.1 -

-0.2

s _ |::> v
= e 1

-0.4

08 095 1 105 11 115 12 125

5<AO> T/Te
ofirst order phase transition for SU(3) (and second order for SU(2))

‘SU(S) TC — 284 MGV(: 0646\/5) Lattice QCD: Te = 0.646+/0  (Kaczmarek et al.)




Conclusions

e Functional RG allows for a consistent and systematic expansion of QCD

* shape of the phase boundary near N ., is determined by the underlying IR
fixed point scenario (testable prediction!)

e critical number of quark flavors for SU(3): Ny ¢ = 12

e first results for the finite-density phase boundary are consistent with lattice
QCD studies

e good agreement with Lattice QCD for the chiral as well as the deconfinement
phase transition




Outlook

e study of QCD phase boundary at finite chemical potential with more than one
flavor

e confinement: full thermal propagators, spatial Wilson loops ... (see J. Pawlowski's talk)
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Appendix



Quark-mass dependence?

BA

NJL, Quark-Meson model QCD RG flow

Tcr (mc) o TC’I“(O) -~ 03 Tcr(mc) T TC’I"(O)

~ ~ 0.01
T.-(0) T.-(0)

me. S 10MeV < m, S 200 MeV me. S 10MeV < m, < 200 MeV

Y Y

(UB et al. ‘05) ) \ (JB ‘06) )

TCT‘ (mc) T Tc'r (O)

~ 0.04
T.-(0)

(Karsch, Laermann, Peikert '01)




confinement at finite temperature: symmetries

® symmetric under gauge transformations?

2it N
Ne¢

(TrpP (X)) — e (TrpP (X))

confining phase: symmetric non-confining phase: broken symmetry
Fg—o0 < (TrrP(Z)) =0 F, finite <= (TrpP(Z)) #0

== > (TrrP(Z)) is a proper order parameter



