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Functional RG for QCD

JMP, AIP Conf.Proc. 1343 (2011)
Nucl.Phys. A931 (2014) 113-124
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Functional RG for QCD
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Functional RG for QCD

fQCD collaboration: 3. Braun, A. Cyrol, L. Fister, W.-j. Fu, T.K. Herbst, M. Mitter, N. Mueller,
JMP, S. Rechenberger, F. Rennecke, N. Strodthoff

TARDIS, ERGE, DoFun2.0 DoFun
Braun, Huber, Comput.Phys.Commun. 183 (2012) 1290-1320

Mitter, JMP, Strodthoff, Phys.Rev. D91 (2015) 054035

Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045
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Glue sector

Yang M|IIs propagators, T= 0

14 | Bowman et al., 04 —x— |
' Sternbeck et aI., 06
1.2+ 2 2\ s FRG |

Yang-Mills propagators, finite T
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Fischer, Maas, JMP, Annals Phys. 324 (2009) 2408
Fister, JMP ‘14

Transversal Propagator G
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————— FRG: T'=0.903 T,
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Lattice: T'=0
Lattice: T'= 0.361T.
Lattice: T'= 0.903T.
Lattice: T'=1.81T.
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Fister, JMP, arXiv:1112.5440




Chiral symmetry breaking

i mom. dep.

+ classical tensor

FRG Yang-Mills results ; structure
-1 full mom. dep. : mom. dep.
——@ all tensor structures
R | e STl-consistent extension
| \\ 7/
Fierz-complete basis 1 : mom. dep P full effective
N\ 7/
at p = 0 and mom. dep. ---- -.- ---- ,\ potential

fQCD

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
see also Williams, arXiv:1404.2545
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Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

quenched gluon dressing
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Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

quenched gluon dressing
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Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045
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systematic error estimate: ~10%
JMP

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

unquenched gluon dressing
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Rennecke, arXive:1504.03585
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A glimpse at the hadron spectrum

quenched QCD

four-fermi scattering amplitude at pion pole

XqrqXamq

<5575Q(p) 55W5Q(—p)> — 2 2 +  finite terms

p

F(4) (p17p27p37p4)

(bosonized) 4-fermi-interactions

RG-scale k [GeV]

Mitter, JMP, Strodthoff, in preparation
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A glimpse at the hadron spectrum

quenched

four-fermi scattering amplitude at pion pole

QCD
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A glimpse at the hadron spectrum

quenched QCD

four-fermi scattering amplitude at pion pole
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pion decay constant f_ via normalisation of T’
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(3)

qmq

4+ finite terms

aka BSE wave function

recent mini-review on DSE-BSE
Sanchis-Alepuz, Williams, arXiv:1503.05896

Hadron DSE-BSE center Gief3en

Mitter, JMP, Strodthoff, in preparation
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A glimpse at the hadron spectrum

quenched QCD

four-fermi scattering amplitude at pion pol
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pion decay constant f_ via normalisation of T’

f. = 88 MeV

continuum QCD

(3)
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4+ finite terms

f. =89 MeV

lattice Aoki et al, PRD 62 (2000) 094501

Mitter, JMP, Strodthoff, in preparation
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A glimpse at the hadron spectrum

quenched QCD

four-fermi scattering amplitude at pion pol
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Yang-Mills
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Thermodynamics

reduced chiral condensate
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Phase structure at finite density

Phase diagram of quantised 2-flavor PQM-model
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PRD 88 (2013) 1, 014007

@ FRG QCD results at finite density
Haas, Braun, JMP ‘09, unpublished
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Phase structure at finite density

Phase diagram of quantised 2-flavor PQM-model
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@ FRG QCD results at finite density
Haas, Braun, JMP ‘09, unpublished
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD Phase diagram of quantised 2-flavor PQM-model
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Phase structure at finite density for heavy quarks

T [GeV]

Polyakov loop at finite density

abs(L[A])

k'2n/3 ———
arg(L[A])

200

mJ/T

lattice see eg: Bonati, de Forcrand, D'Elia, Philipsen, Sanfilippo,PRD 90 (2014) 7, 074030
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Dynamics

( Shooting the elephant )

Zhi Qiu and U. Heinz, to be published

o MC-KLN, 5/s = 0.20
—MC-KLN-like, /s = 0.217 + 0.005
2r . . -MC-Clb -like, 5/ = 0.111 £ 0001 _
w==MC-Glb -like, /s = 0.224 + 0.005 .2 _

>®
-
-

Au+Au @ RHIC, 20-30%

80 0z o024 o8 08 10
pr (GeV)

o

— MC-KLN-like, /5 = 0.217
Fimm MC-Glb -like, /5 = 0.224 + 0.003
| -=-MC-GIb_like, /s = 0.111 + 0.001

Au+Au @1 RHIC, 20-30%

8.0 . 0:2 . 0:4 . 0:6 l 0:8 . 1.0
pr (GeV)

Proof of principle calculation:

e Take ensemble of sum of deformed Gaussian profiles,

s(ry) = sa2(ry1; €2, ¥2) + s3(ry;E3,¢3), with

1. equal Gaussian radii R% = R% = 8fm? to reproduce (ri) of MC-KLN
source for 20-30% AuAu

2. £9 and €3 adjusted such that

- 52,3 = (e2,3) 1 0% (“MC-KLN-like")

- E2,3 = (e2,3)20 0% (“MC-Glauber-like")

3. g = 0, ¢3 (direction of triangularity) distributed randomly

Use v3 (pr) from VISH2+1 for /s = 0.20 with MC-KLN initial conditions
for 20-30% AuAu as “mock data”

Fit mock v3 (pr) data with VISH2+1 for “MC-Glauber-like" or “MC-KLN-
like” Gaussian initial conditions with both elliptic and triangular deformations
by adjusting /s
= (n/s)kLN = 0.217 £ 0.005 for “MC-KLN-like",

(n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"
Compute v (pp) for "MC-KLN-like" fit with (n/s)1=0.217 and repro-
duce it with "MC-Glauber-like” initial condition by readjusting n/s
= (n/s)d; = 0.224 + 0.005 for “MC-Glauber-like"
Compute v3 (pr) for “MC-Glauber-like” initial profiles with readjusted
(n/s)rs = 0.224 and compare with “MC-Glauber-like" fit to original
mock data == clearly visible (and measurable) difference!

This exercise proves: (i) Fitting vs(pr) data with MC-Glauber and MC-KLN initial conditions yields the
same 77/ s (within narrow error band); (ii) The corresponding vo(pr) fits are quite different, and only one
(more precisely: at most one!) of the models will fit the corresponding v5(pr) data.

U. Heinz, talk at RETUNE '12




Dynamics

(Computing the elephant )

Proof of principle calculation:

Zhi‘Qiu and U. Heinz, to be published e Take ensemble of sum of deformed Gaussian profiles,
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MGGl ke 35228;;{,};3;&';;,.5" ! 1. equal Gaussian radii R3 = R3 = 8fm? to reproduce (ri) of MC-KLN
10 S source for 20-30% AuAu
= 8 e 2. £9 and €3 adjusted such that
E ' - 52,3 = (e2,3) 1 0% (“MC-KLN-like")
4 - £23= (623)%01_30% ("MC-Glauber-like")
) AutAu @ RHIC, 2030% 3. g = 0, ¢3 (direction of triangularity) distributed randomly
P L e Use v3 (pr) from VISH241 for /s = 0.20 with MC-KLN initial conditions
0 0z 0 e 08 10 for 20-30% AuAu as “mock data”
5 —MCKLNike, /s = 0207 e Fit mock vg (pr) data with VISH2+1 for "MC-Glauber-like" or “MC-KLN-
4?::.&}83}2::1&]& B 0111 £0.001 like" Gaussian initial conditions with both elliptic and triangular deformations
i by adjusting /s
J L] — (n/s)kLN = 0.217 & 0.005 for “MC-KLN-like",
€1 : (n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"
i - e Compute v3 (py) for "MC-KLN-like" fit with (7/s)G=0.217 and repro-
[ duce it with "MC-Glauber-like" initial condition by readjusting 77/ s
1: s An RIS S0 == ('17/8)1(’-1.31 = 0.224 + 0.005 for “MC-Glauber-like"
et e Compute v3(pp) for “MC-Glauber-like" initial profiles with readjusted
' Pr (GeV) ‘ ' (n/s)g’] = 0.224 and compare with “MC-Glauber-like” fit to original

mock data == clearly visible (and measurable) difference!

This exercise proves: (i) Fitting vs(pr) data with MC-Glauber and MC-KLN initial conditions yields the
same 77/ s (within narrow error band); (ii) The corresponding vo(pr) fits are quite different, and only one
(more precisely: at most one!) of the models will fit the corresponding v5(pr) data.

computing transport coefficients
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Dynamics

gluon spectral function at finite T
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‘Those are my methods (principles), and if
you don’t like them...well, I have others’

direct computation Groucho Marx

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
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Dynamics

gluon spectral functions
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gluon spectral functions
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Dynamics

gluon spectral functions
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Tripolt, von Smekal, Wambach, Phys.Rev. D90 (2014) 7, 074031
Tripolt, PhD-thesis
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Dynamics

transport coefficients

viscosity over entropy ratio
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-

* One Loop

* Two Loop

* H.Meyer (2007 /2009 )

----- AdS [CFT

o result

— fit

— GRG/HTL -
e [attice

— KSS

Kubo relation

1 d

— an 7 T 70
20 dw wzop (,0)

n

‘3-loop’ exact functional relation for O

1 & 2-loop terms

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Dynamics

QCD - estimate for viscosity over entropy ratio

viscosity over entropy ratio

1.0

0.8

0.8

0.6:

T — T
l * One Loop

p
* H.Meyer (2007 /2009 )
~==~- AdS /CFT

o result
— fit

— GRG/HTL -
e [attice
— KSS

T/T,
T . Aggp Agrg
s (T) s (cT/T,) i (T /T, ) Vers

Verg & O

Yagp ~ 1.6

pure glue

Aqep ~ 0.15
anrg ~ 0.14

c ~ (.66

Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Dynamics

QCD - estimate for viscosity over entropy ratio

aqu ~ 02
1.0 ‘
— QCD result ahrg ~ 016
— YM result
08 — HRG/pert E ~
R c~0.79
0.6 Qeb
0.4 Varg & 9
.ol Yagp ~ 1.6
/
0001 02 o3 0.4 0.5 0.6 0.7 pure glue
T[GeV]
aqu ~ 015
Mgy = Gasn G anrg ~ 0.14
S s (cT/T.) (T/T.)Yers c ~ 0.66

Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Summary & Outlook

*Chiral Symmetry Breaking and Confinement
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T [MeV]

*Phase structure and Transport
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Summary & Outlook

*Chiral Symmetry Breaking and Confinement

*Phase Structure and Transport

*Towards quantitative precision
*Baryons, high density regime & CEP, dynamics

*Hadronic properties
* hadron spectrum & in medium modifications

"low energy constants
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Confinement & symmetry breaking

effective running couplings o

p [GeV]
Mitter, JMP, Strodthoff ‘14
Braun, Fister, Haas, JMP, Rennecke '14
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Confinement & symmetry breaking

effective running couplings o

p [GeV]
Mitter, JMP, Strodthoff ‘14
Braun, Fister, Haas, JMP, Rennecke '14

dynamical correlation of confinement
and
chiral symmetry breaking

confinement chiral symmetry breaking
gluon propagator gluon propagator
gapped relative to not gapped too much

ghost propagator

Fister, Mitter, JMP, Strodthoff ‘14
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