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fQCD collaboration - QCD (phase diagram) with fRG:

J. Braun, L. Corell, A. K. Cyrol, L. Fister, W. J. Fu, M. Leonhardt, MM,

J. M. Pawlowski, M. Pospiech, F. Rennecke, N. Strodthoff, N. Wink ...

large part of this effort: vacuum YM-theory and QCD - why?

M. Mitter (U Heidelberg)
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QCD with the fRG

o Wetterich equation with initial condition S[®] = ['A[®] [Wetterich 93]

Okl =
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= effective action [®] = /limo [k [®]
_)
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QCD with the fRG

o Wetterich equation with initial condition S[®] = ['A[®] [Wetterich 93]

= effective action [®] = Ilimo [k [®]
—)

@ Oy: integration of momentum shells controlled by regulator
o full field-dependent equation with (I'®)[®])~! on rhs
@ gauge-fixed approach (Landau gauge): ghosts appear

@ mesons due to bosonization of four-Fermi interaction
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Low-energy effective description (PQM model)

@ “low enough” momentum-scales k < Aqu: glue sector decouples

@ remainder: quarks and mesons

Ciznqul®] & [ [ZgkGdq + hi (o + insT - 7) q]

+ [ [Zoko (% + m2) 0 + Zzy7 (0% + m2) & + Uk(o, @) + U(P, dT)]
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Low-energy effective description (PQM model)

@ “low enough” momentum-scales k < Aqu: glue sector decouples

@ remainder: quarks and mesons

Cizhou [P] o [ [ZgkGdq + hi (o + insT - 7) q]

+ [ [Zoko (% + m2) 0 + Zzy7 (0% + m2) & + Uk(o, @) + U(P, dT)]

@ additional approximations necessary: cf. talk B.-J. Schaefer
» LPA: Zq)k = ka = Zﬁﬁk =1
» LPA': hy = h [Helmboldt, Pawlowski, Strodthoff, 2014]
» LPA'+Y: all shown(!) operators run [Rennecke, Pawlowski, 2014]
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Low-energy effective description (PQM model)

@ “low enough” momentum-scales k < Aqu: glue sector decouples

@ remainder: quarks and mesons

Cizhou [P] o [ [ZgkGdq + hi (o + insT - 7) q]

+ [ [Zoko (% + m2) 0 + Zzy7 (0% + m2) & + Uk(o, @) + U(P, dT)]

@ additional approximations necessary: cf. talk B.-J. Schaefer
» LPA: Zq)k = ka = Zfr,k =1
» LPA': hy = h [Helmboldt, Pawlowski, Strodthoff, 2014]
» LPA'+Y: all shown(!) operators run [Rennecke, Pawlowski, 2014]

@ external information:

» Polyakov-loop potential U/(®, ®T) from lattice input
> initial haqy, Ungus Mo Agy @nd mz g, from vacuum observables
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Low-energy effective description (PQM model)

@ “low enough” momentum-scales k < Aqu: glue sector decouples

@ remainder: quarks and mesons

Cizhou [P] o [ [ZgkGdq + hi (o + insT - 7) q]

+ [ [Zoko (% + m2) 0 + Zzy7 (0% + m2) & + Uk(o, @) + U(P, dT)]

@ additional approximations necessary: cf. talk B.-J. Schaefer
» LPA: Zq)k = ka = Zfr,k =1
» LPA': hy = h [Helmboldt, Pawlowski, Strodthoff, 2014]
» LPA'+Y: all shown(!) operators run [Rennecke, Pawlowski, 2014]

@ external information:

» Polyakov-loop potential U/(®, ®T) from lattice input
> initial haqy, Ungus Mo Agy @nd mz g, from vacuum observables

@ usual applications Aqum =~ 0.7 — 1 GeV - justified?
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Equation of state (EOS)

P

M. Mitter (U Heidelberg)

@ pressure
o t=1=Tc

Te

——=—— Wuppertal-Budapest, 2010
PQM FRG

- PQMeMF
- PQM MF

[Herbst, MM, Pawlowski, Schaefer, Stiele, 2013]

interactions measure

@ correct dofs below t < 0.2

(e-3P)T*

o = N W s OO N

+——=—— Wuppertal-Budapest, 2010

~—=—1 HotQCD N=8, 2012 q

» - o- -1 HotQCD N=12, 2012

PQM eMF
- PQMMF

PQM FRG 7 1

0.6

[Herbst, MM, Pawlowski, Schaefer, Stiele, 2016]
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Kurtosis [Fu, Pawlowski, 2015,2016], [Fu, Pawlowski, Schaefer, 2016]
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o fluctuations in finite volume: cf. talk B.-J. Schaefer
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1n’-meson (screening) mass at chiral crossover

@ drop in i/ mass at chiral crossover? [Csérgo et al., 2010]
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1n’-meson (screening) mass at chiral crossover

@ drop in i/ mass at chiral crossover? [Csérgo et al., 2010]

't Hooft determinant

0.0006

M),
A

@ RG-scale dependence from QCD

[MM, Pawlowski, Strodthoff, 2014]
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1n’-meson (screening) mass at chiral crossover

@ drop in i/ mass at chiral crossover?

't Hooft determinant

00006

0.0005

0.0004

M),
A

@ RG-scale dependence from QCD

[Csorgo et al., 2010]

a [MM, Pawlowski, Strodthoff, 2014]
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[Heller, MM, 2015]
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1n’-meson (screening) mass at chiral crossover

@ drop in i/ mass at chiral crossover? [Csérgo et al., 2010]

't Hooft determinant

00006

x‘(SPV,
o000 . @ RG-scale dependence from QCD
Lo [MM, Pawlowski, Strodthoff, 2014]
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0.0001 —
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100 200 300 400 500 600 700 800 900 1000
k/[MeV]
v
1000 @ screening masses
800 @ Nf=2+1: [MM, Schaefer, 2013]
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S pect ral functions [Pawlowski, Strodthoff, 2015]
(O(N)-model, T =0)

pion e=0.1 ——
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@ direct calculation, no numerical analytical continuation

® p(w,p) = MY (w, p) = — lim M2 (=i (w + ic) , B)

o O(4)-symmetric regularization
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Phase structure with functional methods

@ works well at ¢x = 0: agreement with lattice S [ vt

HolQCD Ny=8, 2012
HotQCD Ny=12, 2012

(e-3P)T*

o - N w &

A (T)/ A, (T=0)
= o o
g 8 g
T 7 7

s
S
T

150 200 250
T [MeV]

[Luecker, Fischer, Welzbacher, 2014]

[Luecker, Fischer, Fister, Pawlowski, '13]
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Phase structure with functional methods

o works well at = 0: agreement with lattice
120 fa
o different results at large i 100 e
(possibly already at small )

T[MeV]

40 %
*
*

0 50 100 150 200 250 300 350
1 [MeV]

[MM, Schaefer, 2013]

— Lattice: curvature range k=0.0066-0.0150]
S0 |— DSE: chiral crossover

DSE: critical end point

- DSE; crossover

L
50

i ,
100 150 Bl
1, [MeV]

[Luecker, Fischer, Fister, Pawlowski, '13]
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Phase structure with functional methods

o works well at = 0: agreement with lattice

o different results at large i 100 e
. = 8
(possibly already at small ) : W
- 40 X
*
. . 20 *
@ calculations need model input: O e B me e e
» Polyakov-quark-meson model with fRG: e

* inital values at A &~ O(Aqcp)

* input for Polyakov loop potential
» quark propagator DSE:

* IR quark-gluon vertex

[MM, Schaefer, 2013]

— Lattice: curvature range k=0.0066-0.0150]
S0 |— DSE: chiral crossover
DSE: critical end point

- DSE: crossover

L
50

i |
100 150 2
1, Mev]

[Luecker, Fischer, Fister, Pawlowski, '13]
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Phase structure with functional methods

o works well at = 0: agreement with lattice

o different results at large i 100 v
. = 80
(possibly already at small ) : W
- 40 %
*
. . 2 *
@ calculations need model input: O

» Polyakov-quark-meson model with fRG: uetd

* inital values at A = O(Aqcp)
* input for Polyakov loop potential

» quark propagator DSE:
* IR quark-gluon vertex

[MM, Schaefer, 2013]

possible explanations for disagreement:

ture range K=0.0066-0.0180
s |— DsE: rossover 4
@ DSE: critical end point

@ 1 # 0: relative importance of diagrams changes

crossover

L
50

| ,
100 150 2
1, [MeV]

= summed contributions vs. individual contributions

@ u-dependent initial values necessary in PQM/PNJL

[Luecker, Fischer, Fister, Pawlowski, '13]
approaches
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QCD with the fRG .. .again

@ use only perturbative QCD input
» as(A = 0O(10) GeV)
» mg(A = O(10) GeV)
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QCD with the fRG .. .again

@ use only perturbative QCD input
» as(A = 0O(10) GeV)
» mg(A = O(10) GeV)

o Wetterich equation with initial condition S[®] = ['A[®]

8krk[A7 ¢ cq, q] = %

= effective action [®] = /limo Ck[®]
_)
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QCD with the fRG .. .again

@ use only perturbative QCD input
» as(A = 0O(10) GeV)
» mg(A = O(10) GeV)

o Wetterich equation with initial condition S[®] = ['\[®]

8krk[A7 ¢, cq, q] = %

= effective action [®] = /limo [k [®]
_)

@ Oy: integration of momentum shells controlled by regulator
o full field-dependent equation with (I'®[®])~1 on rhs
o gauge-fixed approach (Landau gauge): ghosts appear
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Vertex expansion

@ approximation necessary - vertex expansion

re] =
S TS 6 (PL- - Pa—))® (1) -+ ®"(—p1 — -+ — pn_1)
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Vertex expansion

@ approximation necessary - vertex expansion
re] =
S Sorons T, (P12 P 1) (pr) -+ @7 (—py — - — pp 1)

@ functional derivatives with respect to ; = A,¢,c,q,g:
= equations for 1PI n-point functions, e.g. gluon propagator:
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Vertex expansion

@ approximation necessary - vertex expansion

re] =
S TS 6 (PL- - Pa—))® (1) -+ ®"(—p1 — -+ — pn_1)

@ functional derivatives with respect to ; = A,¢,c,q,g:
= equations for 1PI n-point functions, e.g. gluon propagator:

e want “apparent convergence” of [®] = I!imo M[®]
ﬁ.
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Landau gauge QCD

@ two crucial phenomena: SxSB and confinement
o Slml|ar Sca|eS - hard to d|sentang|e see e.g. [Williams, Fischer, Heupel, 2015]

@ quenched QCD: allows separate investigation:
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Landau gauge QCD

@ two crucial phenomena: SxSB and confinement
o Slml|ar Sca|eS - hard to d|sentang|e see e.g. [Williams, Fischer, Heupel, 2015]

@ quenched QCD: allows separate investigation:

@ quenched matter part [MM, Strodthoff, Pawlowski, 2014]
) OUthOk: unq Uenching [Cyrol, MM, Strodthoff, Pawlowski, in preparation]

@ pure YM-theory (cf. talk Anton Cyrol)  (cyrol Fister, MM, Pawlowski, Strodthoff, 2016]
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Chiral symmetry breaking

@ xSB < resonance in 4-Fermi interaction A\ (pion pole):
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Chiral symmetry breaking

@ XSB < resonance in 4-Fermi interaction A (pion pole):

@ resonance = singularity without momentum dependency

ON=alN +bla+ca®, b>0, ac<0

e 1

O\

M. Mitter (U Heidelberg)

9 > ger

[Braun, 2011]
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(tra nSVG rse) runn | n g CO u pl | ngS [Cyrol, MM, Pawlowski, Strodthoff, in preparation]

gAq ——

< cAc,prop ———
3 cr
o 157 1
(@]
£
s
2 1 1
(8]
(o))
£
E 057 1
E

0 L L

0.1 1 10

p[GeV]

@ agreement in perturbative regime required by gauge symmetry

@ non-degenerate in nonperturbative regime: reflects gluon mass gap
@ agaq > Q¢ necessary for chiral symmetry breaking

@ area above a, very sensitive to errors
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4-Fermi vertex via dynamical hadronization (g wetterich, 2002

@ change of variables: particular 4-Fermi channels — meson exchange
o efficient inclusion of momentum dependence =- no singularities
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4-Fermi vertex via dynamical hadronization (g wetterich, 2002

@ change of variables: particular 4-Fermi channels — meson exchange
o efficient inclusion of momentum dependence =- no singularities
e identification of Aqyr/ngr, =~ 300 MeV

_ 1 1 / \
AN - + 5 :
\\ /l
o 250 : 30
K=l H
S r 25
g 200 g
£ 150 : g
S h2/(2 m?) s
3 100 J— _5
g 50 3
8
= 0
0.1 1 10 1 10
RG-scale k [GeV] RG-scale k [GeV]
[MM, Strodthoff, Pawlowski, 2014] [Braun, Fister, Haas, Pawlowski, Rennecke, 2014]

[MM, Strodthoff, Pawlowski, 2014]
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Flow equations
(FormTracer: cf. talk A. K. Cyrol, [Cyrol, MM, Strodthoff, 2016])
[MM, Strodthoff, Pawlowski, 2014],

[Cyrol, Fister, MM, Strodthoff, Pawlowski, 2016]

e R IR D

A A A B A
e )

e

@

000000C

000000
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Flow equations

(FormTracer: cf. talk A. K. Cyrol, [Cyrol, MM, Strodthoff, 2016])

[MM, Strodthoff, Pawlowski, 2014],

[Cyrol, Fister, MM, Strodthoff, Pawlowski, 2016]

2 R R

A A A G AL

.

) B -
0, moowmo | = «% —2m @ +§&

E 9
0y = — 4 "{_ — + perm.
sy &e

+ perm.

®,

000000

+ perm.

X ﬂ%ﬁ%ﬁ@
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Flow equations

(FormTracer: cf. talk A. K. Cyrol, [Cyrol, MM, Strodthoff, 2016])

MM, Strodthoff, Pawlowski, 2014],
[ ] Bl ,ﬁw »932%,
-® "

[Cyrol, Fister, MM, Strodthoff, Pawlowski, 2016]
. ™ +;@%ﬂ
— R D
<N — 464 - A + perm.
T ere e o Q Loems, e

A A e A
S I e

* e e
® ‘
— af : @ 8 - /.{é\.\Jr? Q + pern.
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YM theory

2)

[Cyrol, Fister, MM, Pawlowski, Strodthoff, 2016]

° r;A(P) o Za(p) p? (5‘“’ - P“PV/PZ) @ running couplings

3 T

FRG, scaling T T T
FRG, decoupling
Sternbeck et al. 10

w |
2t
g
g s
2 1 £ F
2T 1 £ ]
R 1 2 — %]
5 2 R E
' J ] [X E
§ L . = E - ‘A 1
[ ] s E
07 | ] E L N | L
0.1 1 10 0.1 10 100

p[GeV]

p [GeV]

@ more details = Talk Anton K. Cyrol

lattice data: A. Sternbeck, E. M. ligenfritz, M. Muller-Preussker, A. Schiller, and I. L. Bogolubsky, PoS LAT2006, 076.
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Quark propagator [MM, Pawlowski, Strodthoff, 2014]
2
o T4 (P) &< Zo(p) (p+ M(p))

1
0
(@)
£
@ 087
o k
-D ’
5 06 Bowman et al., '05 ——
S 12y ——
8 04¢ Mg ——
o
c
X
= 027
>
(op
0 ‘ ‘
0.1 1 10

p [GeV]
o fRG vs. lattice: bare mass, quenched, scale set via gluon propagator
@ agreement not sufficient: need apparent convergence at p # 0

lattice data: Bowman, Heller, Leinweber, Parappilly, Williams, Zhang , Phys. Rev. D71, 054507 (2005).
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Outlook: unquenching
extended truncation:

— 4 AX

) ) rﬂ“(p,\.,»

[Cyrol, MM, Pawlowski, Strodthoff, in prep.]

'y ) (peym) ) (Payun)

classical tensor  classical tensor

- L KX

2) (3)
5w ) T4 (Pam) rO ) T80 (0.9, —p)
qp"q complete, n <3 mom.-ind. tensors
| N s N | s N s
| N s N (‘.)I/_\\;‘,)”
N 7/ N e N 7/
ne{3,.... 12}
(2] (3] (4
) Top=p) Tl an) T (o) ri2(0)

¢ € {o, 7} “classical” tensor “classical” tensor “classical” tensor

systematics of improving the truncation?
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OUthOk u nq UenCh | ng [Cyrol, MM, Pawlowski, Strodthoff, in prep.]

extended truncation:

) ) T (pegm) T3 (paym) ) (o)

classical tensor  classical tensor

- %%@X

S|

(2) (3)
1 (D) Figg(p: @) T4 (Pam) \s,,/, (Poym) e (.p.—p)
qp"q complete, n <3 mom.-ind. tensors
N 7 N 7 N 7
N NI’
! N N N
ne{3,.... 12}
~(2) (3 ~(4) ~(n)
o) M0 0,-p) T (D) O (Do) )
¢ € {o, 7} “classical” tensor “classical” tensor “classical” tensor

systematics of improving the truncation?

= BRST-invariant operators, e.g. 1D "

QCD phase structure from the fRG Dubna, November 2016
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O UthOk runn | n g CO u pl | ngS [Cyrol, MM, Pawlowski, Strodthoff, in preparation]

(r&%p

® QcAc = 4z Zu(p)Z.(p)2 zA( )zc(p>2

M. Mitter (U Heidelberg)

)

running couplings oy

(re))"
® Q9Aq = Fx Zu(p) Za(p)2

_ 1
@ QcAc,prop = Zx Z,(p) Z: (p)?

p [GeV]
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OUthOk gl U0n propagatOI’ [Cyrol, MM, Pawlowski, Strodthoff, in preparation]

< 35
N
> 37
£
& 25|
o
© 2t
S
S 15|
(4]
S 1t
S
§ 05¢} Sternbeck et al. —— 7
> -
2 0 FRG
0.1 1 10

p [GeV]

lattice data: A. Sternbeck, K. Maltman, M. Miiller-Preussker, L. von Smekal, PoS LATTICE2012 (2012) 243.
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Outlook: quark propagator

28 1
£
?
) 0.8
S
©
S
% 0.6
>
5]
s 04
-
S
X
S
S
>
o

[Cyrol, MM, Pawlowski, Strodthoff, in preparation]

lattice, m,; =280 MeV ——
m, =295 MeV ——
FRG, m ;=313 ——

p [GeV]

@ comparison fRG with lattice: bare mass and scale setting

lattice data: Orlando Oliveira, Kzlersu, Silva, Skullerud, Sternbeck, Williams, arXiv:1605.09632 [hep-lat].

M. Mitter (U Heidelberg)
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Summary and outlook

@ low-energy effective descriptions with fRG:

EOS, kurtosis, axial anomaly, spectral functions, phase structure, . ..
low-energy models can be improved with QCD input
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Summary and outlook

@ low-energy effective descriptions with fRG:

EOS, kurtosis, axial anomaly, spectral functions, phase structure, . ..
low-energy models can be improved with QCD input

@ vacuum QCD from the fRG:
sole input as(A = O(10) GeV) and mg(A = O(10) GeV)
vertex expansion: good agreement with lattice correlators
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Summary and outlook

@ low-energy effective descriptions with fRG:
EOS, kurtosis, axial anomaly, spectral functions, phase structure, . ..
low-energy models can be improved with QCD input
@ vacuum QCD from the fRG:
sole input as(A = O(10) GeV) and mg(A = O(10) GeV)
vertex expansion: good agreement with lattice correlators

Outlook
@ QCD phase diagram:
order parameters, equation of state and fluct. of cons. charges
e (T, p)-dependent input for effective low-energy descriptions
@ bound-state properties (form factors,PDA. . .)

@ more checks on convergence of vertex expansion
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