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Many-Flavor QCD
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> 3 function
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Many-flavor QCD

> 3 function
B 11 2 94 34N + 3N, — 13NS2N | g8
B=-2 <3Nc3Nf) 167T22< N, (16W2)2+...

> e.g., SU(3): IR fixed point «.

(BANKS&ZAKS'82)
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Many-flavor QCD

> (3 function
B 11 2 94 34N + 3N, — 13NS2N | g8
B=-2 <3Nc3Nf) 167r22< 3N, (16”2)2#..
> N; dependence of a,
a,
2
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Many-flavor QCD

> 3 function
B 11 2 94 34N + 3N, — 13NS2N | g8
p=-2 <3N° - 3Nf) 167r22< 3N; [{6m22
>e.qg. N;=14 — IR fixed point
a
05
B 0.4
3
3 0.3
1 92 0.2
—%§2468101214 —
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Many-flavor QCD

“trivial phase”
QCD universality class pﬁzzsrmal ho  asymptotic
xSB freedom
confinement IR EP no xSB no xSB in IR
destab. no conf.(?) no confinement
by no interactions
xSB

—t -
0 ~8.05 16.5 N
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Many-flavor QCD

> gap equation
S So
b o= I

> rainbow/ladder approximation: I — g

= xSB for a > ag

> . VS. Qe

150125100 75-50-25 25 ~09)
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Many-flavor QCD

“trivial phase”
QCD universality class pﬁzzg?rmal R
xSB freedom
confinement IR FP no xSB no xSB in IR
destab. no conf.(?) no confinement
by no interactions
xSB

0 ~8.05 16.5 Nr

Nf,cr — ?
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Many-flavor QC

“trivial phase”
4 i i P “conformal
'QCD universality class Bl ™ e

xSB freedom
confinement IR FP no xSB no xSB in IR

destab. no conf.(?) no confinement

by no interactions

xSB

| I -

0 ~805 . 165 Ne

(HARADA&YAMAWAKI'00)

(IWASAKI ET AL.03)

Nf,cr =

6 (VELKOVSKY&SHURYAK'97, APPELQUIST&SELIPSKY'97)

1 0 (SANNINO&SCHECHTER'99)

R VXV © O

1 2 (MIRANSKY&YAMAWAKI'96,APPELQUIST ET AL.'96)

LGT (KOGUT&SINCLAIR'88; BROWN ET AL.'92; IWASAKI ET AL.’96; DAMGAARD ET AL.'97)

adjoint matter: (ierricrasanninoos)
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Functional RG

Holger Gies iral Phase Boundary of Q with Many Flavors



Functional RG Flow Equation

IR: kb — 0 * Uv: k- A

k

Tr 1 Ot Ry

Ol = kikTx = -

N —

(WILSON'71; WEGNER&HOUGHTON'73; POLCHINSKI'84; WETTERICH'93)
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Functional RG Flow Equation

1 1
— Tr ——— 0:Rk
2 I'f) + Rk

Ol =

> regulator
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Functional RG Flow Equation

1 TI’ %atRk
2 M’ + Rk

R,
T T

il k

> quantum fluctuations:
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Functional RG Flow Equation

1 Tr ;&Rk

Ol k =
2 ( + Ry

> quantum fluctuations:

815 R k
R L

/\\
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Functional RG Flow Equation

atrk 1 T (;atRk
2 + Rk

> quantum fluctuations:

at Rk:
R,

1

m
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Functional RG Flow Equation

atrk 1 T (;atRk
2 + Rk

> quantum fluctuations:

8?5Rk:
R,

v

/\
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Functional RG Flow Equation

1 1
Ol = 5 Tr Tatﬁ’k
M’ + Rk
> RG trajectory: Tk=n = Soare = [ §FZ,FZ, + 4 (i + 9gA ¥
A

o UV
@
&
&
ey
S
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Functional RG Flow Equation

1 T (;atRk
2 -l-Fl)k

K--UV

il k

> RG trajectory:

theory space

\.

\/
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Functional RG Flow Equation

1 Tr ;&Rk

Ol k =
2 ( + Ry

> RG trajectory:

uv

theory space

\'

\/
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Functional RG Flow Equation

1 1
al‘rk —Tr (—8tRk
2 + Rk
> RG trajectory: Meo=T
A
uv
S
3
=
g
~ IR
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Functional RG Flow Equation

1 1
Fk + Rk
> RG trajectory: Rx scheme independence

[ ]
\/
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Functional RG Flow Equation

1 1
atrk — T (— atRk
2 + Rk
> RG trajectory: truncation
y
uv
3
&
=
3
= icS
R G\uod‘i“am
i quark dynamics ]
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Functional RG Flow Equation

1 1
Ol 5 Tr (— Ot Rk
+ Ry
> RG trajectory: truncation
A .
o \
(&) -
48]
Q.
w
=
o
(0]
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Functional RG Flow Equation

atrk 1 T (;atRk
2 + Ry

> RG trajectory: A error estimate from R dependence
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RG Flow towards the Chiral Transition
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RG Flow of the Chiral Sector

> effective action:
1)\,

Nk = > k2 [(&azbb)z - (&a’Ywa)Z]

> RG flow

& 2,2 B

Ao = 2)5 —
Or 472

O Ry
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RG Flow of the Chiral Sector

> effective action:

1, . - _
e = %2 [(93pP)? — (DPy59°)?]
> RG flow
N,
Othe = 2X, — 47:2 Ao? B RG irrelevant .

RG relevant
>> "NJL phase"

O Ry
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RG Flow of the Chiral Sector

> effective action:

1 7 (id + &
Mo = /ZFquﬁﬁ' « o FY(I+ gAY
1\,

+§p [(lzalﬁb)z - (qza%wb)z]
> RG flow
_ NC 2
81/\0— — ZAU - 477.[_2 )\U'
3 NZ-1 ,
82 N, I
9 3NS-8 -
25672 N, Y
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RG Flow of the Chiral Sector

> effective action:

1 7 (id + &
Mo = /ZFquﬁﬁ' « o FY(I+ gAY

1, - -
552 [(F70°)7 = (D*s0°)?]
> RG flow
Ne . 5 p
= 2 _—
ai/\(r /\(T 47T2 )\O'
3 N2-1 ,
a2 N I
9 3NF-8 , A
25672 Ny Y :
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Chiral Criticality

O\ a=0

A

o> critical gauge coupling a;:

LS O

ifa>ag: A~v—7F—00

K |V

— bosonization — ySB: ‘
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RG Flow of the Chiral Sector

> effective action: SU(N;), SU(Nf)L x SU(Ni)r

Z o .
Mo = [ SR+ 02,0+ ZAY
1), 1 Ava

52 (8P 57

10, 1A

2 k2

[2(V-APF + (1/Ne)(V-A)]
V-A)

> RG flow, e.g.,

’
e = 2\, — m/1<F>[/:rk] {2Nc Ao = 2) N, — 2Nido Ava — 6>\+)\,,}
2 —
3M 9P, — 692>\+]
Ne

]
8.2 KR

3 3N 2 - 8 AECKEL,WETTERICH’
Y, L s
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xSB Critical Coupling

(HG,JAECKEL'05)

1.75
ey 1.5
1.25

o7sf ————  IN.—-3

o5

0.25 N.=8

eg.,forNg =3=N: «a,=~0.85
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xSB Critical Coupling

(HG,JAECKEL05)

1.75
Qe 1.5
1.25

075t  —— N -3

o5} __

0.25 N.=8

@y

1.75

> compare with 125

Banks-Zaks IR fixed point: 0.75
0.25 "
f

5 10 15 20 25
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xSB Critical Coupling

(HG,JAECKEL'05)

1.75
o 1.5
1.25

0.75
0.5

0.25 IN.=8

—— 2-loop SU(3) 3 function in MS scheme
—— 4-loop SU(3) 3 function in MS scheme = N, ~ 10.0

(RITBERGEN ET AL.'97)
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Error Estimate

> regulator dependence

uv
IR IR
R exact solution ‘e truncation
> fermion sector: “optimized” regulator vs. “sharp cutoff” (Lmo1)
M4 _ 1 @ma_ . ama_ 3 (F)4 _ (FB)4 _ (FB)4 _
) _E,IL1 =1,/ =5 VS. h _/1’1 =hL" =1

> anomalous dimensions, momentum dependencies,
higher-order operators ~ 8, etc. ...
> gauge sector: 2-loop, 3-loop, 4-loop 3 function

MS scheme vs. RG scheme (~10, 30, 50 % variation (?))



xSB Ciritical Coupling

N; 40 |

30 |

20 ¢

10 ¢

2 3 4 5 6 7 8

Ne

> SU(3) “conformal phase” for

Ni o = 10.0 £ 0.29(fermion) "33 (gluon) < Ny < 16.5

(HG,JAECKEL05)
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Lessons to be learned for “real QCD”

@ fermionic screening is rather weak
@ fermionic truncation (surprisingly) stable in x symmetric phase
@ phase boundary detectable with fermionic “derivative expansion”

@ “real QCD” requires nonperturbative estimate of 3,
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Lessons to be learned for “real QCD”

@ fermionic screening is rather weak
@ fermionic truncation (surprisingly) stable in x symmetric phase
@ phase boundary detectable with fermionic “derivative expansion”

@ “real QCD” requires nonperturbative estimate of 3,

ZF v
rk — TFé F;u + = = =

I
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RG Flow for Gluodynamics
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RG Flow of Gluodynamics

> Operator expansion with the background-field method

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

Al = /ddx Wi(F?), F?=F2F2,
ZF Wo Wi
Wk(FZ) = F2 2|42 (F2)2 3|43 (F2)

(HG'02)
> running coupling: (ABBOTT'82)
g2 _ ZF—1 g2

> (3 function:
22N, ¢
2 _ — _ c
0g° = ﬁgz 3 (47T)2 S
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RG Flow of Gluodynamics

> Operator expansion with the background-field method

(REUTER,WETTERICH'94; FREIRE,LITIM, PAWLOWSKI'00) 1 _29.3333
2 -357.83
3 -191. 32
Mk[A] = /ddX Wi(F?), F?= Fil,FSV 4 15499. 6
5 -1.88776 - 106
ZF Wo Wi 6 1. 65315 - 107
Wk(FZ) = F2 5142 (F2)2 2143 (F2) 7 2.79324 - 10°
214 34 8 -1.37622 - 1011
) 9 -4,21715 - 10'2
(HG'02)
10 8. 60663 - 104
11 -8.05611 - 1016
> running coupling: (AssoTT'82) |12 5.21052 - 109
13 ~6.30043 - 1022
PR 14 9. 35648 - 1025
g _ZF g 15 -1.78717 - 10%°
16 4.35314 - 1032
. 17 -1.33397 - 1036
> [ function: 18 5.08021 - 10%
19 -2.37794 - 104
5 92 5 22N, g4 20 1. 35433 - 1047
t = — .
3 (4m)?
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unning Couplin

(HG'02)

cf. Landau gauge: (BRAUN,HG'05)
10 : . .

i
‘one loop

(V.SMEKAL,ALKOFER,HAUCK'97)

(LANGFELD,REINHARDT,GATTNAR'01)

(LERCHE,V.SMEKAL'02)

FISCHER,ALKOFER’02 [ B
( ) |__ 1
(ZWANZIGER'02) X
~
(PAWLOWSKI ET AL.'03) 5>
(FISCHER, HG'04)
(OLIVEIRA,SILVA'04) 0.1 ¢ 1

(BLOCK,CUCCHIERI,LANGFELD,MENDES'04)

(SCHLEIFENBAU,LEDERER, REINHARDT'06) . .

0.1 1
k [GeV1

(EPPLE,REINHARDT,SCHLEIFENBAUM'07)
(MAAS'07)

(CUCCHIERI,MENDES,OLIVEIRA,SILVA'07)

IR fixed point: o,
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Running Coupling

> mass gap and (Heoz)
threshold behavior: 10 (BRAUN, HG105)
i\one loop
- 1 ]
5% S~
01+ :
0.1 1

k IGeVi

IR fixed point a, compatible with mass gap
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Running Gauge Coupling at finite T

(HG'02)
10
B (BRAUN,HG'05)
_—— 1one loop (T=0)
T=0
[_T 1 T=100 MeV 3
x
N—rt
g
o
T=500 MeV
0.1} 1

0.1 1
k [GeV]

> T/k — oo: strongly interacting 3D theory
k

o — — Q3p, Q3D — 3D« =~ 2.7
T cf. lattice: (CUCCHIERI,MAAS,MENDES’07)
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Chiral Phase Transition

> alk, T) vs. ag(T/k)

o, at T=130 MeV o, at T=220 MeV

4+ a, at T=130 MeV 4 a,, at T=220 MeV

2 2

1 1

0.2 I ‘ 0.‘4 I 0;6 I 0.2 ‘ 014 ‘ 0.‘6

Ker k [GeV] k [GeV]

— xSB triggered by as single input: ag(m,) = 0.322

T.[Mev] | BRG T, [MeV] || Lattice (BI) | Lattice (W)

(CHEN ET AL.06) (AOKI ET AL.06)

Ni=2+1 || 192(7)(4) | 151(3)(3)

N=2 | 172 £37
N=3 || 148 £ 32
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Chiral Phase Boundary T — N;

180 r- 1 (BRAUN,HG'05,06)
160
140
120
100
80
60
40
20

0

T . [Mev]

. . . 4
> small N;: fermionic screening, Bauark = %I\If % ‘.’-

> critical flavor number:
N~ 12

(CF. APPELQUIST ET AL."96; MIRANSKI, YAMAWAKI'96; HG,JAECKEL 05)
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Chiral Phase Boundary T — N;

0.4

6,7=0
N = 8 T=0

0.3 Inf= 10, T=0
02}

0.1r

B(G)=nG
T o [Mev]

0

01l
S

-0.2

0 002 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18
G=a4/81

> fixed-point regime: critical exponent ©

Bge =~ —© (9% — g°)
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Chiral Phase Boundary T — N;

0.4

N¢
[N
0.3 Ny
0.2 r

0.1r

B(G)=nG
T o [Mev]

0

01l
1ol

-0

2
0 002 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18
G=a4/81

> fixed-point regime: critical exponent ©

Bge =~ —© (9% — g°)

o> shape of the phase boundary for N; ~ N7 (BRAUN,HG'05,06)

Tor ~ Ko [N — NET|TT,  © =~ —0.71
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Conclusions

> “conformal phase” in many-flavor QCD:
Nier =10 —12 < N; < 16.5 for SU(3)

... applications to walking technicolor

(DIETRICH ET AL.'06, TERAO ET AL.07)

> relation among universal aspects:

shape of the phase boundary < IR critical exponent

> functional RG for '[¢]
@ systematic and consistent expansion schemes for QCD

@ chiral symmetry v/
@ calculations “from first principles”
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RG Flow of the Chiral Sector

> 2 fixed points per 0;A

— 2% = 16 fixed points

>
[Aiel 50
> fixed-point annihilation 15
eg.,N.=N; =3 -
i [e%

0.2 0.4 0.6 0.8
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Chiral Criticality at Finite Temperature

> quark modes:

mé = mé + (2rT(n+ %))2

815)\1'

—> T-dependent

critical coupling:

agr(T) 2 g ~0.85

(BRAUN,HG’05)

Holger Gies Chiral Phase Boundary of QCD with Many Flavors



