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“Learning by deforming”

Many-flavor QCD

FAIR, www.gsi.de

Quarks and Gluons

+——— 9s19A1UN Apreg

Temperature T [MeV]
3

weak-coupling limit

Many-color QCD

Nuclei Net Baryon Density

c:i o Fu + 0 (10 +ig4) ¢

symmetries:
SU(N.) x SUL(Ny) x SUR(Ny)



http://www.gsi.de
http://www.gsi.de

Many flavor QCD at vanishing temperature

“trivial phase”:
no asymptotic freedom
no xSBin IR

eone-loop B-function

o) <0= N; > 1—21NC Y=%165 (QCD is NOT asymptotically free)
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®); > 0: QCD is asymptotically free
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Many flavor QCD at vanishing temperature

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

destab.
IRFP

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

2 2 . . . -
g~ > gZ, : fermions acquire mass, i. e. N¢t — 0
Cr f

ecf. quantum phase transition in 3d QED (R. D. Pisarski '84)




Many-flavor phase diagram of QC
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Many-flavor phase diagram of QC




Strongly-flavored gauge theories in general ...

O\

gapped
fermions

QPT

scaling of observables (O in gauge theories with many
fermions, such as QED5, QCD, ... 7




Shape of the phase boundary: Small N < N¢ .,

®scale dependence of observables in the chiral limit:

TxSB7 f71'7 ‘<@Ew>’%7 T AQCD

eposition of the Landau pole ~ Aqcp

Ora = B(a) = —i(llNC —2N)a?
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Shape of the phase boundary: Small N < N¢ .,

®scale dependence of observables in the chiral limit:

TxSB7 f71’7 ‘<@Ew>‘%7 T AQCD

eposition of the Landau pole ~ Aqcp

1 A
+ 47bg In QD _
a(fo)

perturbative RG scale: o = m,,mz, ...

ecnsure comparability of different theories, e. g., by using

a(m,) for all Ny




Shape of the phase boundary: Small N < N¢ .,

®scale dependence of observables in the chiral limit:
L.
TxSB7 f71'7 ‘<¢¢>’37 Y AQCD
eposition of the Landau pole ~ Aqcp

1 A
+ 47bg In QD _
a(po)

Aqcp decreases
with increasing 4V ¢




Shape of the phase boundary: Small N < N¢ .,

(JB, H. Gles '05,’06)

®scale dependence of observables in the chiral limit:

TxSB7 f71’7 ‘<¢¢>‘% Ty AQCD

escaling of 1ysp for small Ny

1
Tyss ~ Aqcp = poe *melo)
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with € 121N2a(j10) or 3 and g

® I’ sp scales linearly for small V¢




Shape of the phase boundary: Small N < N¢ .,

(JB, H. Gles '05,’06)

(Karsch et ?l. '03)
]

P

2 3 N.

Tysp(2) — TysB(3)
TysB(2) + TysB(3)

A =2 ~ (0.146

(cf. Karsch et al. 03 : A ~ 0.121 + 0.069)



Shape of the phase boundary: Small N < N¢ .,

(JB, H. Gles '05,’06)

(Karslch et ?I. '03)

P

2 3 N.

e application: Improved scaling of PNJL/PQM model parameters:
yields significant improvement of thermodynamics

(see e. g. Schaefer, Pawlowski, Wambach’ 07)




Shape of the phase boundary: Many flavors

®|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 no xSB in IR
confinement confinement?

destab.
IR FP

~ 805 N =7 . Ny

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




Shape of the phase boundary: Many flavors

®|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
xSBinIR no xSBin IR no xSB in IR
confinement confinement?

destab.
IR FP

~ 8.05 Arf.cr =7 16.5 Arf

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

fixed-point regime is
relevant close to the lower
end of the conformal
window




Shape of the phase boundary: Many flavors

(JB, H. Gies ’05, ’06, ‘09)

A B(@2)

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

kOrg® = B(g°) = —O(9° — g7)

®solution in the fixed-point regime:




Shape of the phase boundary: Many flavors

(JB, H. Gies ’05, ’06, ‘09)

A B(@2)

! 1

° gQ(k) = g?r: onset of xSB at k., ~ ,uo(gf — gfr) [©]

escale dependence of observables in the chiral limit:
- 1
TxSBa f7T7 ‘<¢¢>‘ Sy e kcr

eproportionality: gz ~ N




Shape of the phase boundary: Many flavors

(JB, H. Gies ’05, ’06, ‘09)

A B(@2)

I 1

° gQ(k) = g?r: onset of xSB at k., ~ ,uo(gf — gfr) [©]

escale dependence of observables in the chiral limit:
- 1
TxSBa f7T7 ‘<¢¢>‘ Sy e kcr

e proportionality: gf ~ Ny

®scaling relation for the critical temperature:

TysB = po|Nf — N&|®T with © = O(N§)




Shape of the phase boundary: Many flavors

(JB, H. Gies ’05, ’06, ‘09)

1
TysB =~ po|Ny — N§*|T®

TA

N

erclation between two universal quantities
orclation between IR gauge dynamics and chiral phase structure
e parameter-free prediction




Scaling of observables near the conformal window

(JB, H. Gies,’09)

) O,

- -

Ny Ny

egeneralization to other (chiral) observables O with mass dimension do:

do

O ~ 115 Fo(Ny)| Ny — N§*|1e1

with O = fr, (W0), . ..

edimensionless function Fo depends on Ny but noton Ny

e power-law-like behavior of the correlation length near the quantum critical point




What about Miransky scaling”

(JUB, H. Gies, arXiv:1010.xxxXx)

ethis talk

dom

O = 115° Fo(Ny)|Ny — N§| o1

eMiransky- or BKT-type scaling

(Berezinskii-Kosterlitz-Thouless)

1
O ~ ,ugo@(N]?r—Nf) e_c/lgi(Nf)_ggr| ° increasing Nt

(Miransky '85, Kosterlitz '74)

consider 9;g° =0 for all N;
and use ¢g-(N¢) as "external” parameter
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O = g® Fo(Ny)| Ny — N§* [

eMiransky- or BKT-type scaling

(Berezinskii-Kosterlitz-Thouless)

O ~ pdo QNS — Ny) eo/I9: (N =&l

(Miransky '85, Kosterlitz '74)

consider 9;g° =0 for all N;
and use ¢g-(N¢) as "external” parameter

(JUB, H. Gies, arXiv:1010.xxxXx)




Status around 2003 ...

What is N7
What is ©(N;")?

Appelquist et al. "96)
Brown et al. ’92)

(
(
(Harada & Yamawaki et al. ’00)
(Kogut et al. "92)




Functional Renormalization Group

“Theory space”:
spanned by all couplings

(C. Wetterich ‘92)

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

o

R

k=0
RG flow

(i




RG flow for the chiral QCD sector

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

_ | A
+ [ {06209+ 21400+ 5 [35 (V- 0 + (V£ A

2" pvt pv
g

+2_;(s ~P) A A];;A 2(V = AP + (1/N)(V — A)]] }

eno Fierz-ambiguity L ha=0&T >0
efour-fermion interactions generated by
quark-gluon dynamics ( lim A; = 0)

A— o0

etruncation checks: momentum dependencies,

regulator dependencies, higher order interactions
(H. Gies, J. Jaeckel, C. Wetterich '04, H. Gies, C. Wetterich 02, JB ‘08)

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



Many-flavor QC

(JUB, H. Gies ’05,’06, ‘09)

e critical number (RG error estimate): /N .. >~ 10.. 12 . Gies & J. Jaeckel '05; JB &H. Gies ‘05)

.Wa”(ing teChniCOk)r: Nf,cr ~ 12 (Dietrich, Sannino, Tuominen ’05; Dietrich, Sannino ‘06)
(Appelquist, Fleming, Neil ’08, ‘09;
- - . Deuzeman, Lombardo, Pallante '08; Fodor et al. '08, '09;
estate-of-the-art lattice studies: 9 < Ny < 12 Fodor, Holland, Kuti, Nogradi, Schroeder '09;
Jin, Mawhinney ’09)

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

e critical number of quark flavors for SU(3): N o ~ 10..12

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)

® testing other theorieS, e. g. QED3 (together with H. Gies, C. Fischer)




“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

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




