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Many-flavor QCD

> charge screening:
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> charge screen
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“Exact” RG

> generating functional
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— effective average action: I'y[¢] = —In Zy[J] — [ Jop — ASk[d]
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RG Flow Equation

R & — 0 %g UV: k& — A

k

1
&Ik — 5 Tr &st(F,(f) -+ Rk)_l — @

(WETTERICH93)



RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
o'y, = 5 Tr 8tRk(F](€2) + Rk)_l = @

(WETTERICH'93)

> quantum fluctuations

.

I




RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
o'y, = 5 Tr 8tRk(F](€2) + Rk)_l = @

(WETTERICH'93)

> quantum fluctuations

O Ry

@
I




RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
o'y, = 5 Tr 8tRk(F](€2) + Rk)_l = @

(WETTERICH'93)

> quantum fluctuations

Oy Ry,




RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
o'y, = 5 Tr 8tRk(F](€2) + Rk)_l = @

(WETTERICH'93)

> quantum fluctuations

Oy Ry,
o

/\ -




RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
@tfk — 5 Tr atRk(F](f) -+ Rk)_l —

(WETTERICH'93)

> quantum fluctuations > RG trajectory: ['k=A = Sbare
A
R, I Theory - UV

/\ Space




RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
oy = 5 Tr O Ry (T + Ry~ =

(WETTERICH'93)

> quantum fluctuations > RG trajectory:

A
Ry I Theory / UV
PN space




RG Flow Equation

IR: &k — 0 % UV: k — A

k

1
oy = 5 Tr O Ry (T + Ry~ =

(WETTERICH'93)

> quantum fluctuations > RG trajectory:

A
Rk I Theory UV
/\ Space




RG Flow Equation

IR: &k — 0 I================='=============1 UV: k — A

k

1
oy = 5 Tr O Ry (TY + R, =

(WETTERICH'93)

> quantum fluctuations > RG trajectory: T)_o = [P
A
Ry I Theory uv

T space




RG Flow Equation
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The role of the regulator

> Rk — Rk(O) uv I
. = > e.g., chiral symmetry OKl

IRI

> gauge symmetry — modified Ward-Takahashi identities (mWTI)

quantum

v __ V(T
fluctuation R = R¥ (i)

(ELLWANGER’94; REUTER, WETTERICH 94; FREIRE,LITIM, PAWLOWSKI'00)

G (Tx—Sgs) = —ig [Re, T+ R ™Y

> exact flow compatibility: 9;(mWTI) =0

> truncation: explicit resolution
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> SU(N.) gauge symmetry + chiral SU(Ny)p, x SU(Nf)r flavor symmetry

Pr=n = /i PR, 41 (id + gAY



Many-flavor QCD

> SU(N.) gauge symmetry + chiral SU(Ny)p, x SU(Nf)r flavor symmetry
1 VIz I g
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> RG flow
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Many-flavor QCD: fermion sector. . .

> SU(N.) gauge symmetry + chiral SU(Nf)y, x SU(Nf)g flavor symmetry

/ —FMER e o o 0 (i2,0 + Z0gh) b
o A (V) 3 (V) £ 3, (SP) + A [2(V-A) 4 (1/ N0 (V-
> four-fermion interactions, S\i\k_ﬂ\ — 0
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(V+A) = (1) = (yurs9)”
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> “point-like” truncation:

Ai(p1,p2, p3,p1) — Ni(pi =0),  Zy(p) — Zy(p=0)



A flow

> for instance )\, = k2, By
p \ A
III / 'l \ =
1 N.2_1 ' !
ON, = 20, ——\EBIA 37T T 2y 642
t 87‘(‘2 1,1 Nc g g A4
. Z(FB),4|:3NC2 — 38 4}
12872 12 N. 7
1
— 5 2N =200, — 2N A6 1o
T

(GIES,JAECKEL, WETTERICH’04)
> threshold functions:
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—> critical gauge coupling a.,:
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> 2 fixed points per O;\

— 2% = 16 fixed points

> fixed-point annihilation
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Critical coupling ., for xSB
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Critical coupling ., for xSB
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—> Critical number of flavors /N,

—— 2-loop SU(3) 3 function in MS scheme

—— 4-loop SU(3) 3 function in MS scheme = Nio ~10.0 for SU(3)

(RITBERGEN ET AL.’97)
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Error estimate

> regulator dependence

A uv
IR IR
o. ./ - > 0. - - >
® exact solution ‘e truncation
> fermion sector: “optimized” regulator vs. “sharp cutoff” (L1Tn01)

a4 1 (FB)4 FB),4 O
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> gauge sector: 2-loop, 3-loop, 4-loop 3 function

> gauge sector: MS scheme vs. RG scheme  (~10% variation (7))



Critical number of flavors V¢,

20
Nf,cr 30

20 |

10 |

— "“conformal phase” for 10.0 + 0.4 < Nf < 16.5 for SU(3)

(HG&JAECKEL'05)



Lessons to be learned for “real QCD”

® fermionic screening is rather weak
® point-like four-fermion truncation (surprisingly) stable in x symmetric phase
® phase boundary detectable with “derivative expansion”

® “real QCD" requires nonperturbative estimate of 3.



Lessons to be learned for “real QCD”

@ fermionic screening is rather weak
® point-like four-fermion truncation (surprisingly) stable in xy symmetric phase

® phase boundary detectable with “derivative expansion”

... X phase transition at finite T

® “real QCD" requires nonperturbative estimate of 3.
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Running coupling

> perturbation theory > beyond perturbation theory . . .7
nonrenormalization properties:
10 : :
v 5 | : SU(3), Nf — 3 ghost—gluon vertex: (TAYLOR'T1)
it (Landau gauge)
051\ Zg (Zgluon)l/2 Zghost =
Oobé full propagators — running g
0 25_5 _7.5_10 12.5_15 _
10 10 10 10 10 10 10 GeV gauge connection: (ABBOTT'S2)
(background gauge)
= - _ 1 . TR
—> Landau pole: D,=0,—-1gA4,=0,—1gA,
“artifact” of perturbation theory running Zg — running g



RG flow of gluodynamics

(REUTER,WETTERICH'94)

> Operator expansion in background gauge

(FREIRE,LITIM, PAWLOWSKI’00)

Ip[A] = / d'c W,(F?), F’=F.F,
ZB Wy W3 Wy
Wi(F?) = Z2F*4+ —(FH)2 4+ =2 (F*)3+ — (F)*+ ...
H(F7) g U g )+ g ()
(CF. SAVVIDY MODEL OF CONFINEMENT)
> spectrally adjusted flow equation: (HG02)
(%ZB A 8tW2 A 0tW3 A 0tW4 Y 0tW5 ce

> running coupling: g° = Z§1§2

> (3 function: Org® = B2



(3 function

> asymptotic series

3= 3 on (i)

m=1

> perturbative beta function, SU(N,):
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> 1 loop: exact

2 loop: 99% for SU(2), 95% for SU(3),
(for exponential regulator)




(3 function

> asymptotic series

3= (<4gj>2)m
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> perturbative beta function, SU(NN,):
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> 1 loop: exact

2 loop: 99% for SU(2), 95% for SU(3),
(for exponential regulator)
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> SU(2) gluodynamics:
6 ‘

(3 function
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—> IR fixed points: SU(2): «. ~11.3

SU(3): a.~T77
SUB3),(Ns=1):  «, ~3.44

cf. vertex expansion in Landau gauge QCD
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> mass-dependent renormalization scheme
< threshold behavior

> e.g., QED: o — v, ~ ==

A

Running coupling and mass gap
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— IR fixed point compatible with mass gap



Running coupling at finite 7T’

T=0.1GeV —
10 T=0.3GeV
i T=0.5 GeV
A~~~ 1 E
= i
O
0.01 S e
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. (BRAUN&HG’05: PRELIMINARY)
> 3D limit for T'/k — o0 k [GeV]
k
a = 503D a3p — a3p .. ~ 2.43 for SU(3)

—> 3D theory is strongly interacting

( > problem: Nielsen-Olsen unstable mode requires thermal screening )



Synthesis: chiral symmetry restauration at finite 7’

B

> fermion sector: . (1/k) > o (T = 0)

> gauge coupling: 8 = Beuodyn + B¢ P (g%, T, my)

10 ¢

> e€.g., SU(3) 1+
N¢ = 3 massless quarks :
T = 150MeV
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Critical temperature 7,
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> e.g. SU(3), Nt = 3 massless quark flavors: 7.,[Rx] < 181MeV (upper bound)

> TCt’leZQ — Tcrle:3 ~ ZOMeV

> lattice: 70| n=2 = 173 £ 8MeV, T(,|n=3 = 154 = 8MeV

(KARSCH,LAERMANN,PEIKERT’01)



Conclusions

> functional RG:

systematic and consistent expansion scheme for strongly coupled QFTs
> calculations from “first principles”

> operator expansion: promising at least in y symmetric phase



