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Insights from Ciritical Behavior
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universal behavior close 1o, e. g, the chiral phase transition:

{qq)|"? ~ |T — T

(dynamics is governed by the critical exponents which are
determined by the symmetries and the dimensionality)
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Phase transitions (may) occur in various “directions”
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Many-flavor QCD

relevant for:

ebeyond standard model applications
(see e. g. Weinberg 74, Appelquist ‘86, Sannino '09)

econdensed-matter physics, e. g.
graphene, QEDS, ...

| e QCD: for example, reveal mechanism
1 for chiral symmetry breaking

weak-coupling limit

decoupling of gluons
and matter degrees of freedom
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Many-flavor QCD

“trivial phase”:
no asymptotic freedom
noxSBin IR

16.5 Ny
eone-loop B-function
b1
g 1 A \ 2
Z = = — — — (1IN, — 2N
Oy = O = B(a) - r) @
LON
1 — | ' /

o) <0 = Ny >N Y=716.5 (QCDis NOT asymptotically free) BC




Many-flavor QCD

“conformal phase”: “trivial phase”:
asymptotic freedom asymptotic freedom } no asymptotic freedom
xSBinIR no xSBin IR no xSBin IR

confinement confinement?

Nf,cr =7 165 Nf

eone-loop B-function
b1

' N\
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o) < 0= N; > 7Nc Ne=916.5 (QCD is NOT asymptotically free)

®); > 0: QCD is asymptotically free



Many-flavor QCD

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

Nf,cr =7 165 Nf
etwo-loop B-function
bl b2
g S, 1 (34N343N;—13N2N;\
Oror = = — — (11N, — 2Ny) o*— — c ¢ :
v = Bla) = — gl 1) g ( 3N, “

enon-trivial infrared fixed point o, for 8.05 S Ny < 16.5
(Caswell ’74; Banks & Zaks ‘82)

o (Caswell '74)



Many-flavor QCD

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

destab.

IR FP

~ 805 Ny =7 16.5 Ny

e Caswell-Banks-Zaks fixed gets destabilized due to chiral symmetry breaking:

92 > ggr . fermions acquire mass, i. e. Nﬁﬁ" — (

,,,,,

elower end of the conformal window is determined
by the onset of chiral symmetry breaking

ocf. quantum phase transition (QPT) in 3d QED

(R. D. Pisarski '84) b (Caswell '74)



How do chiral observables scale close to the QPT?

Oy

-1 » e
Nf,cr Nf

scaling of observables O = f, , (1) , T ,...in
gauge theories with many fermions, such
as QED,;, QCD, ...7



Outline

®|Nntroduction

e Scaling behavior of QCD with many flavors

® Miransky scaling
® Beyond Miransky scaling

eScaling in the (N., N¢)-plane

e Conclusions and outlook



Aspects of the NJL model: Brief Reminder

(Nobel prize ’08)
® classical action of the NJL. model:

5 - / {3+ A, ()2 — ($750)°]

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



Aspects of the NJL model:

(Nobel prize ’08)

® classical action of the NJL model:

Srief

Reminder

5 - / {3+ A, ()2 — ($750)°]

ebosonization of the NJL model yields (o = =2\, 91, m = =2\, 9y59)

s— | {wi&w +8(0 +ism)

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

Vo, m)

no fermion mass/gap

(1)) =0

spontaneous (chiral)
symmetry breaking

—

1

o

Vo, m)

Y — 5\—(02 +7T2)}

1
QCX__
Ao

\

finite fermion mass/gap

(1) # 0

7

=0

phase transition can be induced by
changing an “external” parameter, e. g. the temperature, number of flavors, ...




NJL model: RG flow of Four-Fermion Interactions

(four-fermion coupling
grows rapidly; onset
of chiral symmetry
breaking)

Ot Ay = kO Ay = 25— A>©<Aa

k is the Renormalization Group (RG) scale;
kK~p (“momentum scale”)



NJL model: RG flow of Four-Fermion Interactions

initial condition of the differential equation
determines whether chiral symmetry is
spontaneously broken or Not



NJL model: RG flow of Four-Fermion Interactions

scale for (chiral) low-energy observables is set by the scale kgp at
which the four-fermion coupling diverges, 1/\,(ksg) =0 :

mkaSB, fWNkSB, ‘<¢¢>‘%Nks]3, TXN]CSB,...



Role of gauge degrees of freedom?”?

At
- 1 4

YR 2aT

(19 — g4)
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RG Flow of Four-Fermion Interactions in QC

D

(H. Gies & J. Jaeckel '05; JB & H. Gies ’05, '06)

815)\ Consider gauge coupling 92 as a
2 —_ 1 )
g-=10 constant “external” parameter
2 2
9 = Yer
A

@

oo (O -]



RG Flow of Four-Fermion Interactions in QCD

(H. Gies & J. Jaeckel '05; JB & H. Gies ’05, '06)

875)\ Consider gauge coupling 92 as a
2 —_ 1 )
g =20 constant “external” parameter
2 2
9 = Yer
A
2 2
g > gCI‘
critical gauge coupling ggr ; V(o,m)

f g% > g-. === no fixed points == \
A=) A




RG Flow of Four-Fermion Interactions in QC

D

(Kosterlitz '74, Miransky '85, Kaplan et al. ’09; JB, C. S. Fischer H. Gies, '10)

at)\ Consider gauge coupling 92 as a
2 — 1 )
g-=10 constant “external” parameter
2 __ 2
g = gcr

g° > g3

symmetry breaking scale

const.
ksp oc AO(g” — gc,) exp ( —— )
\/g o gcr




RG Flow of Four-Fermion Interactions in QC

D

(Kosterlitz '74, Miransky '85, Kaplan et al. ’09; JB, C. S. Fischer H. Gies, '10)

at)\ Consider gauge coupling 92 as a
2 —_ 11 )
g- =0 constant “external” parameter,

‘ g (NE") = g2 (NF") .

g° > g3

symmetry breaking scale

const.
ks o< AO(N¢ — Ni) exp ( JINF =N )
g T 4Ve

e.g9.9° = g2



RG Flow of Four-Fermion Interactions in QC

D

(Kosterlitz '74, Miransky '85, Kaplan et al. ’09; JB, C. S. Fischer H. Gies, '10)

at)\ Consider gauge coupling 92 as a
2 —_ 11 )
g- =0 constant “external” parameter,

‘ g (NE") = g2 (NF") .

g° > g3

e.g9.9° = g2

scaling of (chiral) observables close the quantum phase transition:

const.
O ~ kSB X AH(N{.?Y — Nf) EXP (— \/‘Ncr N )
f 4Vt



In general, the gauge coupling is not a
constant “external” parameter ...

How does this change
the well-known scaling behavior”?



Outline

®|Nntroduction

e Scaling behavior of QCD with many flavors

® Miransky scaling
® Beyond Miransky scaling

eScaling in the (N., N¢)-plane

e Conclusions and outlook



Towards criticality & the role of the running coupling

®|ower end of the conformal window is determined by the onset of chiral
symmetry breaking

“conformal phase™: “trivial phase":

asymptotic freedom asymptotic freedom | no asymptotic freedom
xSBinlIR noxSBinIR noxSBinIR
confinement confinement?

destab.

IR FP

~ 805 Njo =7 16.5 Ny

echiral symmetry breaking requires the strong coupling to exceed a critical
value

g’}

Initial condition:
g*(k=A, N¢) = const.

(symmetry breaking scale ksp depends -
on “critical scale” k., ) kc. K

Note that
kcr > kSB




Towards criticality & the role of the running coupling

(JB, H. Gies ’05, ’06, ‘09)

g°l A B(g?)
/7|0
> /.
/,.' Jx g

Jcr

oG flow in the vicinity of the fixed point ¢, is governed by the universal critical
exponent O:

kOrg® = B(g%) = —O(9° —g7) + ...

e solution in the fixed-point regime:




Towards criticality & the role of the running coupling

(JB, H. Gies ’05, ’06, ‘09)

g°A A B(@?) /
1@
> VA
21 Jx g

1

'gQ(k) = g2 gc. onset of xSB at k., ~ A( — ggr)@

eproportionality: gz ~ N f



Towards criticality & the role of the running coupling

(JB, H. Gies ’05, ’06, ‘09)

g°A A B(@?) |
//1e]
> VA
21 Jx g

1
'gQ(k) = 2 gc. onset of xSB at k., ~ A( — ggr)@
eproportionality: g2 ~ Ny

®“critical scale” scales as
1 .
ker >~ ANy — N¢F|TOT 0 with  © = O(Ng")



Beyond Miransky Scaling

(B, C. S. Fischer, H. Gies, '10)

A B(@?)

Jcr



Beyond Miransky Scaling

(B, C. S. Fischer, H. Gies, '10)

A B(@?)

Jcr

osSym me’[ry breaking scale (in accordance with an improved DSE study by Jarvinen & Sannino ’10)

const.
v INF" — Ni|

ksp oc A|INE™ — N¢| 1T exp (— ) O(Ng" — Ny)

echiral observables (reminder):

me ~ksp, fr~ksg, |[(@U)]F ~ksp, Ty~ksp,...



Beyond Miransky Scaling

(B, C. S. Fischer, H. Gies, '10)

A B(@?)

Jcr

e symmetry breaking scale

const.
v INF" — Ni|

ePower-law scaling: |©] < 1 (“slowly walking ...")

ksp oc A|INE™ — N¢| 1T exp ( ) O(Ng" — Ny)

eMiransky scaling: |©] > 1



Shape of the phase boundary: Many flavors

(JB, C. S. Fischer, H. Gies, '10)

1 const.
O ~ kgp o< A[Ng™ — N¢[ToT exp O(N:" — Ne)
VINET — Ny
0, 0,
O] <1 0] > 1
g Nf - Nf

orclation between two universal quantities

orclation between IR gauge dynamics and scaling behavior of chiral
observables

® parameter-free prediction



vwhat Is N“’?
What Is @( )7



Outline

®|Nntroduction

e Scaling behavior of QCD with many flavors

® Miransky scaling
® Beyond Miransky scaling

eScaling in the (N, N¢)-plane

e Conclusions and outlook



Functional Renormalization Group

“Theory space”: (2)
spanned by all couplings (C. Wetterich '93) I L =+ Rk

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

: N ,
|

RG flow

o sz—)O m




RG flow for the chiral QCD sector

e cffective action:

2
Dy = / {*Z—QngFg,, +ws (B, F, )P+ ws(Fe, o)+ b
- ] 1A A
+ [ {06200+ 215406 + 5|55 (V= A) + S5 (V+A)
Ao

(S~ P)+ 2 2(V - AP 4 (/N - A}

k2 k?

®no Fierz-ambiguity

efour-fermion interactions ( lim A; = 0): “QCD universality class”

A— o0

etruncation checks: momentum dependencies, regulator dependencies, higher
order Interactions (. Gies, J. Jaeckel, C. Wetterich '04, H. Gies, C. Wetterich '02, JB ‘08)



Many-flavor QCD

40

N; or (2-Iloop) —a—
35 | Nt (4-loop) —e—

30 r no asymptotic
o5 freedom
Z 20
15
10
)
0 (UB ’11; cf. also D. D. Dietrich & F. Sannino '05; H. Gies & J. Jaeckel '05)
2 3 4 ) 6 /

N

C



Many-flavor QCD

40

N; or (2-Iloop) —a—
35 | Ni¢ (4-loop) —e—

30t no asymptotic Nt or = 4.0 N
o5 | freedom

Z 20 . / Za <
Nt ~ 3.4 N,

(}]

15 |
—

(UB ’11; cf. also D. D. Dietrich & F. Sannino '05; H. Gies & J. Jaeckel '05)

2 3 4 5 6 7
N

10 XSB

5

0

C

e critical number (RG error estimate): N¢ o, =~ 10..12 . Gies & J. Jaeckel '05; JB & H. Gies ‘05, ‘06)

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



Many-flavor QCD

40 I I T T
N; or (2-loop) —a—
35 | Ni¢ (4-loop) —e—
30 r i Nt ox = 4.0N
no asymptotic f.cr ~ =. C
o5 | freedom
Z 207 2 :
= Nf,cr ~ 3.4 Nc
15 ‘ )
10— ' xSB
5 )
0 (UB ’11; cf. also D. D. Dietrich & F. Sannino '05; H. Gies & J. Jaeckel '05)
2 3 4 ) 6 7
NC
(Miransky & Yamawaki '96; Appelquist et al. '96;
: : : : : Sannino & Schechter '99; Sannino & Tuominen '05;
® consistent with rainbow-ladder approximation & Dietrich & Sannino '07; Rytov & Sannino ‘07,'08,'09
SUSY inspired all-order [3-function Sannino ‘08; Fukano & Sannino "10)

(Appelquist, Fleming, Neil ‘08, ‘09;
Deuzeman, Lombardo, Pallante '08; Fodor et al. ’08, '09

estate-of-the-art lattice studies: 9 < Nf,cr SJ 13 Fodor, Holland, Kuti, Nogradi, Schroeder ’09;
Jin, Mawhinney ’09)



Scaling

Behavior Close to the Q

O\

P17

What Is @(Nf’cr)?

Nt or ~ 10..12

N



Many-flavor QCD and Scaling: The 3-color case

2 I I 10 I I I I I | -
4-loop all channels, In(kgg/m.)
3-loop ===-=--- 5t Fixed-point annihilation, In(k./m.)
2-loop
1.5
D 1
0.5 1
0

const.
V INF" — Nil

ksp oc A|N¢ — Nf|%exp <

>H(Nfcr — N¢)

ko power-law behavior

ko = kgg  superposition of power-law and
exponential/“Miransky” behavior



Many-flavor QCD and Scaling

2 3 4 5 6 7 e
7.6 11.7 15.7 19.7 23.6 27.6
7.9 11.9 15.9 19.9 23.8 27.8
6.8 10.0 13.4 16.8 20.2 23.6
0.36 0.27 0.31 0.36 0.42 0.48

size of the regime in which
Miransky scaling dominates

Power-law scaling might be more relevant
for lattice simulations which probe the
theory at integer Nt

(JB, C. S. Fischer, H. Gies, *10)



Many-flavor QCD at finite temperature

(JB, H. Gies '05,'08, ‘09)

f AN, =3, Nio =~ 12f I
200 W Lattice QCD,
w hotQCD ‘10
W Lattice QCD,
Aoki et al. ‘09
150 -
=
= 100 -
1
Tc MeV — N or| T
2501 Eht—ar—ofth--Miura
200 i La1:2011§ ...................
150 :

50

0 2 4 6 8 10 14

(under investigation using lattice simulations,
cf. Deuzeman, Lombardo, Miura, Pallante)




Conclusions

e universal corrections to Miransky (BKT) scaling

e critical number of quark flavors: N¢ o ~ (3.4...4.0) x N,

e scaling of physical observables near N, is determined by the underlying IR
fixed point scenario (testable prediction!)

Outlook

e corrections to scaling due to (current) quark mass (and finite volume) (. bietrich “10)

® testing other theories: e. g. QED3 (together with C. S. Fischer, H. Gies, L. Jansen, D. Roscher), adjoint
matter, ...

e confining dynamics vs. chiral dynamics in aQCD (together with T. K. Herbst, to appear soon)



Dyson-Schwinger Equations and Miransky Scaling

(Miransky ’85; Miransky, Yamawaki '97)

e Dyson-Schwinger equation for the fermion propagator [ physik.uni-graz.at/itp/sicaft |

D
S S
"' = [ -D -] — )
) el I’
egpproximations: ¥ = 1’; 92 = const. ; — gcr INFT — Ne|+ ...

esymmetry breaking scale:

-
kSB X AH(Ncr — Nf) EXp | —
f 2¢./|a1 ][N — Ny|



