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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

April 2004
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Data
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Heavy-lon Collision

measured relative
abundances
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Boltzmann-distribution
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Heavy-lon Collision Experiments

red relative Chemlcal freeze-out
ndances
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Difference
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fitted very well with depends on
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QCD phase diagram?

FAIR, www.gsi.de

3

Temperature T [MeV]

Net Baryon Density

perturbation theory fails: enot convergent even for very high temperatures:
strongly interacting theory even at high T
e®phase transitions: long-range fluctuations are
important
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D phase diagram®? Many open questions!

M. Stephanov ‘07
I n

strong indications that there

IS no critical point at all
. (de Forcrand, Philipsen ’07)
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D phase diagram®? Many open questions!

\

de Forcrand et al. 07 ————

Karsch et al. ' 03 —

de Forcrand
etal ‘07

0.602(9)

Karsch
et al. ‘03

1.13(45)

, 01 o5
w/(xT(0))



D phase diagram®? Many open questions!
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D phase diagram®? Many open questions!

Chen et al. '06
200 I

T, Karsch et al. ’00
MeV

Aoki et al. '06
150 - O¢

Aokl et al. '06:

Deconfinement phase
transition and chiral phase
transition do not occur at the
same temperature: 1y, sp < 1y

Ny=2+1

IN contradiction to 1 i
1200 1400 1600

experiments and (naive)
L . MeV
expectations?! (and to R T

Chen et al.)




D phase diagram®? Many open questions!

Chen et al. '06

200 |
T Karsch et al. '00
MeV
Aoki et al. '06

150 T

Why is there difference
even at T=07?

o different lattice sizes Ny=2+1

1 | J

o different implementation 20 100 160
. ©wp, Me
of fermions ’




D phase diagram from QCD RG flows?

complementary to Lattice QC
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Functional Renormalization Group

well-defined
Theory space” Startlng point: fix strong
spanned by all couplings coupling at UV scale

XPT or
NJL, Quark-

Meson-model,
PNJL

perturbative
QCD




Functional Renormalization Group

A

9T 1 0; R}
“Theory space”: tt k — §T1” (2)

spanned by all couplings Fk + Rk

(C. Wetterich '93)
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Functional Renormalization Group

A

9T 1 0; R}
“Theory space”: tt k — §T1” (2)

spanned by all couplings Fk + Rk
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Functional Renormalization Group

A

9T 1 0; R}
“Theory space”: tt k — §T1” (2)

spanned by all couplings Fk = Rk

(C. Wetterich '93)

RN
= k=0
RG flow

(i
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Aspects of the NJL model

® classical action of the NJL model:

S = [ {596+ A 1@0)? - (@150)%)

® spontaneous symmetry breaking if quark condensate is non-vanishing: () # 0




Aspects of the NJL model

® classical action of the NJL model:

S = [ {59 + 2 [(96)? ~ (15071}

ebosonization of the NJL model yields (o = =2\, ¥y, m = =2\, ¢y5¢))

s= [ {90+ 00 +amo - -2+ 7]

3 1
== )\, is inverse proportional to the scalar mass parameter, m? T
O




Four-Fermion Interactions in QC

eat the UV scale (k= A> Aqcp):

ra= [{3Ers 4009+ 000




Four-Fermion Interactions in QC

eat the UV scale (k= A> Aqcp):

v = [ {3rnr @+ aa))
ii
N .

Pa—or = / {iFﬁyFiy + P09+ gAY + 510" = (" 9") T+ - }

g

70
k=A— o0k i

® guark-gluon dynamics generate four-fermion interactions




RG flow for the chiral QCD sector

e cffective action:
—2
/ {25, B, + ws (B, )P+ ws(Fe, Fo )+ )

_ 1) A
+/x{¢(iz¢¢9+21§4)w+5 ﬁ(V—A)—Fk——;(V—FA

2" pvt pv
g

F22(S —P) + S 2V - AP 4 (N - A)]]}

®Nno Flerz-ambiguity

efour-fermion interactions ( lim A; = 0)

A— o0

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




“Criticality” at zero and finite temperature

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

e flow of four-fermion couplings:
O\ = 2) — NA(£)A\ — b(%

V




“Criticality” at zero and finite temperature

O A -
A \\04:0& T>O

® critical gauge coupling ¢y :

if (ug > Qe === no fixed points === 5SB

® ot zero temperature: H. Gies, J. Jaeckel '05)
Ne=N;=3

O ~ 0.8




“Criticality” at zero and finite temperature

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

® critical gauge coupling ¢y :

if (ug > Qe === no fixed points === 5SB

® at finite temperature: us, H. Gies '05)

aer(T/k) > aer (T = 0)

quarks acquire a thermal mass




RG flow of gluodynamics

cf. vertex expansion in Landau-gauge QCD:

:‘.:one loop (T=0)
E SDE: v. Smekal et al. '97, Fischer et al. '02;
RG: Pawlowski et al. '04, Fischer&Gies '04;
Gies ’'02; Gies&Braun '05/°

T-100 MeV | Lattice: e. g. Sternbeck et al. ’05; ...

T=500 MeV

Yang-Mills theory (UB, H. Gies '006)
0.1 1
k [GeV]

®k.ax < T decoupling of hard gluonic modes == “finite-size” effect:

2 2 42 272 2 _
Pyo =w, =4n"m"1l" —  wij=0

edecrease for T' 2 k due to existence of a non-trivial IR fixed point in 3d
Yang-Mills theory: strong interactions at high temperatures s, H. Gies '06; Lattice: Gucchieri et al. 07)

k | .
D ~ a§DT + O ((k/T)?) with ajp ~2.7; n3q — 1




Chiral

Phase Transition in QC

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

N

" o at T=130 MeV —
a,, at T=130 MeV

T

" o at T=220 MeV

o, at T=220 MeV
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kcr k [GeV]

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

(JB, H. Gies '06)
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Chiral Phase Transition in QCD: Error estimate

ostudy: a..(T'/k) vs. as(1'/k)
®intersection 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




What to expect for QCD with many flavors?

“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)




What to expect for QCD with many flavors?

“conformal phase”: “trivial phase”:
asymptotic freedom asymptotic freedom } no asymptotic freedom
xSBinIR no xSBin IR no xSB in IR
confinement confinement? no confinement

Nfer =7

eone-loop B-function
b1

_\

/7 N\

O = Bla) = — 6i7T(11NC —2N}) o?

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

®); > 0: QCD is asymptotically free




Many-flavor QC

W (JB, H. Gies '06)

® small V¢ : fermionic screening
e critical number of quark flavors: N ., = 12 (. e. g. Aopelauist 07 & 96)

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) |
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0.1

0
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0.2 —— — ‘
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G=0/8n

efixed-point regime for large Ny: critical exponent |©|
drg* ~ |0©|(9% — ¢2)

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

1
Ter ‘Nf — Nf,cr‘ 1 with ‘@‘ ~ 0.71

(currently under investigation on the lattice, Deuzeman et al. ’08)
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Challenge:
How to penetrate the phase boundary In
order to get access to

the low-energy olbservables?




From microscopic to macroscopic

macroscopic DoF

DOFs

microscopic Dok

down
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—-rom microscopic to macroscopic DoFs:
Do it by hand

macroscopic Dok microscopic Dok

For example:

(constituent-quark-) meson-model quark-gluon dynamics

down

strange
@

u s

QG ﬂ OW QG ﬂ OW quarks

b

bottom

~N

p
e. g. k ~ kcf,a

“set” by diverging Ao
J

\_

bosonization at fixed scale
<€

Hubbard-Stratonovich transformation




From microscopic to macroscopic

® problem:

bosonization at fixed scale k

at scale k — 0k : hipgib, gipfy

N

>c< generate four-fermion Interaction
D S EEE—

‘comeback’




From microscopic to macroscopic DokFs

macroscopic DoF SO|Uti on: microscopic Dok

scale-dependent iowns
up _

; @ strange
degrees of freedom m s
— quarks
Ot P ~ YrLYR -

bottom

t

top

8t1“k[gbk] — §Tr

1 0y Ry, / o'y | ok |

50 o, %00

(H. Gies, C. Wetterich '01, ‘02; J. M. Pawlowski '05)

T'?[pr] + Ri




QCD with one quark flavor

®ansatz: )
_ Ao, — - %
[y = / {ww + ivoptq) Y + > (WVY)? — (Vy59)°] + Zp0ud* 0ud + U(9°)

+h|(YrL)¢ — (Yrpr)d"] } + L gauge

einitial conditions: A, |x =0, Ap|a =0, hla =0, Zg|s =0, as(Mz) = 0.117

®allows to include (momentum-dependent) four-fermion interactions to arbitrary
order can be easily included

®secrves as a check for the approach incorporating “only” quark-gluon dynamics

‘J
>0'

(JUB 08, in prep.)

0.2 04




D with one quark flavor: phase boundary

®large V. expansion: to ~ N
C

ercsults from different approaches:

Method Ny =1 Ny =3

FRG: QCD flow 0.97 -

Lattice: imag. ## |0.398(75)| 0.50 | 0.602(9)

Lattice: Taylor+Rew. 1.13(45)

red: obtained from extrapolation

(UB 08, in prep.)

(de Forcrand
et al. ‘03, ’07)

(Karsch
et al. '03)




D with one quark flavor: phase boundary

®large V. expansion: to ~ N
C

ercsults from different approaches:

Method Ny=1 Ng =3

FRG: QCD flow 0.97 -

Lattice: imag. ## |0.398(75)| 0.50 | 0.602(9)

Lattice: Taylor+Rew. 1.13(45)

red: obtained from extrapolation

eonly one single input parameter: ais(Mz)

(UB 08, in prep.)

(de Forcrand
et al. ‘03, ’07)

(Karsch
et al. '03)
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Confinement at zero temperature

potential of a quark-antiquark pair:




confinement at finite temperature

® Hamiltonoperator for an electron in an EM-field:

1 . N2
Hpp = — (—iv _ eA) 1 ed

2m




confinement at finite temperature

® infinitely heavy quark moving in Euclidean time direction:

o,

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

infinitely heavy quark propagating in (Euclidean) time direction

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

1 B
P(r) = FP exp (ig/o thO(t,f)>




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(Z)) %0




confinement at finite temperature

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

| Z—1j|—o00 | Z—1|—00

deconfinement

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




confinement criterion at vanishing temperature

(JB, H. Gies, J. M. Pawlowski ’07)

¢ (RG) Polyakov-loop potential in Landau-background-field-gauge

1

<1Tr In T [3(Ap)] — TrIn T} [ﬁ<A0>]> +0(8,1?)

®(very) high-temperature: potential is dominated by modes £~ p ~ T

%) ~ D*[(Ag)],  (T5)) ~ D?[(Ao)]




oerturbative Polyakov-Loop potential

(JB, H. Gies, J. M. Pawlowski '07)

e perturbative Polyakov-loop potential in background-field gauge, A,, = 6,,0(Ao)

(see N. Weiss '81,'82)

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

Fy finite << (TrpP(¥)) #0




confinement criterion at vanishing temperature

(JB, H. Gies, J. M. Pawlowski ’07)

¢ (RG) Polyakov-loop potential in Landau-background-field-gauge

1

(1 Trin TP [3(A0)] — Trin TP [ﬂ(Ac)}]) + O(5,T?)

elow-temperature: k~p ~T S Agep
(TR ~ (D2[(A))) 7, (FSI)) ~ (D2[{Ag)]) T ron

e what if ...

d—3




oerturbative Polyakov-Loop potential

(JB, H. Gies, J. M. Pawlowski ’07)

e perturbative Polyakov-loop potential in background-field gauge, A,, = 6,,0(Ao)

(see N. Weiss '81,'82)

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

Fy finite << (TrpP(¥)) #0

minimum at B(Ag) = (2/3)2m;
deconfinement (broken Zs-symmetry)

Fqg—00 <= (TrpP(Z)) =0




confinement criterion at vanishing temperature

(JB, H. Gies, J. M. Pawlowski ’07)

¢ (RG) Polyakov-loop potential in Landau-background-field-gauge

1

(1 Trin TP [3(A0)] — Trin TP [ﬂ(A()}]) + O(5,T?)

elow-temperature: k~p ~T S Agep
(TR ~ (D2[(A))) 7, (FS])) ~ (D2[{Ag)]) T ron

equark confinement criterion (Landau gauge):.

(TrpP(2)) = 0 : 364 — 26gn < —2

eguark confinement induced by IR gluon suppression

econfer:  Kugo-Ojima criterion: kqp, > 0 Gribov-Zwanziger condition: Kgn > =
(Kugo, Qjima '79) (Gribov ’78; Zwanziger '94,’03) 2




L andau-gauge propagators & color confinement

®results for Kgp

Method

Rgh

DSE/SQ

0.999

FRG

0.039 < k < 0.595

| attice

(Lerche, v. Smekal '02; Zwanziger '02)

(Pawlowski, Litim, Nedelko, v.
Smekal '03; Fischer, Gies ‘04)

(Sternbeck et al.’05; Olivera, Silva '06;
Cucchieri, Mendes ’'06;Cucchieri,
Mendes '07; Sternbeck et al.‘07)




Polyakov-Loop Potential in Landau-gauge

(JB, H. Gies, J. M. Pawlowski ’07)

Ne

0 2 4
T I I I I I I [

1 16
eorder parameter L[(Ag)] = —Trp exp (”L / dt<Ao>)
0

|
2 T T T Y HO S MO RO R |
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

B(Ao) ” T,

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.)
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Conclusions

* FRG allows to bridge the gap between regimes with different DoF

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

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

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

e promising results for finite chemical potential

e criterion for quark confinement




Outlook

e study finite chemical potential for Ny =2 and Ny =3

= first ‘shot’: phase diagram from bosonization at a fixed scale
(with H. Gies, J. M. Pawlowski, B. J. Schaefer)

e order of the phase transition?
(from finite-volume scaling, with B. Klein)

e deconfinement and chiral phase transition at the same temperature?




