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conjectured QC3D phase structure

early universe

LHC

quark=gluon plasma

expected experimental

trajectory

Openl/unclear questions:

RHIC
SPS <Yy>~0
§ crossover FAIR/JINR
S
~
=, AGS quark matter
S SIS
&~ _
<ywy> + 0
hadronic fluid cmssove,r —
superfluid/superconducting
phases ?
ng=0 ng> 0 2SC <\|;/\|;> +0 CFL
vacuum guclear matter | ,outron star cores

w

knowledge so far

mostly based on model calculations

assumptions:
equilibrium, homogeneous phases,

infinite volume, ....
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e CEP: existence/location/number
e relation between chiral & deconfinement?

chiral & deconfinement CEP?

¢ Quarkyonic phase: coincidence of both transitions
at u=0 & u>07?

e inhomogeneous phases? - more favored?
e axial anomaly restoration around chiral transition?

* finite volume effects? - lattice comparison/

influence boundary conditions
* role of fluctuations? so far mostly Mean-Field results
=» effects of fluctuations important
examples: size of crit reg. around CEP
* What are good experimental signatures?

=» cumulants?
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conjectured QC3D phase structure

expected experimental

/ trajector
early universe ] Yy Theory:
LLHC quark=gluon plasma
RHIC
SPS <Yy>~0 =» Lattice:  but simulations restricted to small
RY)
§ crossover FAIR/JINR
S - ; ' '
§ AGS  quark matter Models: effective theories  parameter dependency
S B SIS
<yy>#0 | => Functional QFT methods: FRG,DSE, nPI
hadronic fluid cmssove,r —
superfluid/superconducting
phases ?

25C <\|I/\|I> +0 CFL

neutron star cores

ng=0 ng>0
vacuum @uclear matter

W

knowledge so far

mostly based on model calculations

Theoretical aim:

assumptions:
P deeper understanding & more realistic HIC description

equilibrium, homogeneous phases, _ N _
=>» existence of critical end point(s)?

infinite volume, ....
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Agenda

¢ Role of (quantum and thermal) Fluctuations for QCD phases

from mean-field approximations (MFA)

to the Functional Renormalization Group (FRG)

¢ Impact of truncations

e Columbia plot
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. __________________________________________________________________________________0000000000__]
Functional Renormalization Group

2
B I';[¢] scale dependent effective action t =1In(k/A) Ry regulators F;(f) = gg;g
scale q
. A FRG (average effective action)
[¢ bare action Fk—>oo
: 1
E effective average action I %, at Fk [¢] ~ Tr atRk (2)
F -+ Rk
b Ak g SRl
k
> o = ﬁRegulator
% kakrk [¢]
= effective action I’ k—0
0 B [Wetterich 1993]
B Ansatz for I'y,:  Example: Leading order derivative expansion arbitrary potential
4  —r- - - 1 2 1 —\ 2 2 [ ® |
Dy = [ dagi,d” — glo+ii1s)la + 5(0,0)° + 5 (0,7)° + Vil6?) 4
B t3l
Viena(¢?) = Z(OQ—HTQ—UQ)Q co . )
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Example: grid technique

A - :
2, phase transition: First order
Scale evolution | | | | |
uv
of meson potential:
k¢ —\ i > 0

V_k[a.u.]

¢ [MeV]

phase transition: Second Order

V k[a.ul]

JUSTUS-LIEBIG-
17.09.2019 | B.-J. Schaefer | Giessen University | 8 LINIvERSITAT

GIESSEN



FRG and QCD

B full dynamical QCD FRG flow:

fluctuations of gluon, ghost, quark and (via hadronization) meson

VNN

AN

.
. .
o ® ‘e
. .
K .

K .

R s
’ s
K A

s
3
*

OL'w[9] =5 - il
.
in presence of dynamical quarks:
gluon propagator is modified 70000¢ 60000

pure Yang Mills flow + matter back-coupling

[fQCD: Pawlowski, Rennecke, Mitter, et al. since 2009]
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FRG: quark-meson truncation

chiral phase transition:

flow for quark-meson model truncation:
neglect
YM contributions and bosonic fluctuations

+
DN | =

without bosonic fluctuations:
extended Mean-field approximation
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Phase diagram N¢=2

0(4) ~SU(2) x SU(2) chiral limit no spinodal lines!
160 ;
2nd order
140 1st order
120  O(4) universality class -
100 |
2 20 |
= 80 -
= 15 | tricritical
60 |- point -
10 +
40 + .
200 T T T T T 5 B .
20 -
0 ]
150 | ol 240 250 260 270 280 290 1
< 0 50 100 150 200 250 300
S 100 | u[MeV]
= ‘ [BJS, Wambach 2005]
50 + — Mg — 138 MeV
4+ two phase diagrams
0 | ) ) ) ! Z !
0O 50 100 150 200 250 300 350 400
u [MeV]
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Phase diagram N¢=2

0(4) ~SU(2) x SU(2) chiral limit no spinodal lines!
T 2nd order, O(4)
T 160 I
2nd order, Z(2) 5nd order
o) F 1st order 1st order
5 ++++++ crossover 140
| 120  O(4) universality class :
100 -
o 20
S 80+ !
= 15 | tricritical
60 |- point -
10 |
40 | :
5 - .
20 + -
0 ]
ol 240 250 260 270 280 290 1
0 50 100 150 200 250 300
u[MeV]
‘ [BJS, Wambach 2005]
+— m, = 138 MeV
4+ two phase diagrams
0 ! ! ) ) ! Z L
0 50 100 150 200 250 300 350 400
u [MeV]
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T [MeV]

FRG: Quark-Meson with Polyakov

Nr =2 quark flavor

without back reaction (TO(M) — COHSt)

200 __—_.—.-..—..—...—_:_T_\
150 |
m=138 MeV| )\
- “\ \
100 Y Crossover SN\
—-—-- & crossover \
50 I -—--—-— & crossover A
—— x 1st order 2
L o(T=0)2 / A
0 50 100 150 200 250 300 350

u [MeV]
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with back reaction (To(p))
B m,=138 MeV
~ =~ S~ :~.~\
SN wo~
s TN
\\\% ~
\\\.\\
\:\\\\
\~§ N
---------- y Crossover A0
—.—-- & crossover N
_ N\
————— ® crossover A\
—— x 1st order AN
————— c(T=0)/2 /‘ \
0 50 100 150 200 250 300 350

u [MeV]

[Herbst, Pawlowski, BJS 2010,2013]
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Critical Endpoint ?

Exact location of CEP not (yet) accessible with lattice, FRG & DSE

90 |

200

150 +
S
(O]
= 100 |
|_

0

so far:

0 50

MB/T:475 _

S0

—_—
-~
-~

¥ crossover
—— & crossover

————— & crossover
—— Xalal orqer

100

1 [MeV]
[Herbst, Pawlowski, BJS 2011]

150 200 250 300 350

200

==l

A — DSE: chiral first order
7 1-—-= DSE: deconfinement crossover

------ Lattice: curvature range k=0.0066-0.0180

--- DSE: chiral crossover
® DSE: critical end point -

we can exclude CEP for small densities: ps/T <2 ... 3

Higher densities: dynamical baryons needed!

1 | 1 | 1
50 100 150 200
H, [MeV]

[Fischer, Luecker, Welzbacher 2014]
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Higher cumulants

[S. Resch, BJS to be published]
infinite volume: influence of fluctuations

200 standard MFA: 200
0 quark vacuum fluctuations
150 S [T 150
= 100 |2 100
~ ~ extended MFA:
50 including quark vacuum fluctu S
50 1 Ryo mmmm  pT MFA
| Reo @ [, — o
O R§,2 | | | | | | | O R\8’2 \ \ \ \ ! ! !
p [MeV] p [MeV]
findings:
(quark) fluctuations pushes CEP to smaller T and bigger
Fluctuations wash out phase transition =» broader negative regions
JUSTUS-LIEBIG-
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Higher cumulants

[S. Resch, BJS to be published]

infinite volume: influence of fluctuations

\ [ ‘ 250
200 standard MFA:
0 quark vacuum fluctuations 200
150 R [
= e = 150 |
2. 100 A
&~ S~ 100 |
50 .
7 50 +
0 e T . . . . . .
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350
p [MeV] p [MeV]

findings:
(quark) fluctuations pushes CEP to smaller T and bigger

Fluctuations wash out phase transition =» broader negative regions
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Agenda

¢ Role of (quantum and thermal) Fluctuations for QCD phases

from mean-field approximations (MFA)

to the Functional Renormalization Group (FRG)

¢ Impact of truncations

e Columbia plot
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FRG: Nf = 2+1 quark flavor

[Rennecke, BJS 2018]

I, = /{gzq,k(wﬁﬂ + Y1) q + Ghi-Ssq + tr(Zs x 0,5-0,51) + f]k(Z)}

qT — (l7 l7 S) Z5 — Ta(O_a + 7:7571-@)

« effective potential U, = Uk(p1,p2) — Ji101 — Js0s — Ci & & ¢ =det X 4 det X7

anomalous U(1)A breaking
via 't Hooft determinant

U(3) x U(3) sym. potential _.
(two chiral invariants)

pi = tr(2-27)°

explicit chiral symmetry breaking:
finite light &
strange current quark masses

 wave function renormalizations p? + m? — Z;, p* + m?  Yukawa couplings
Zig 00
Zon=1 0 Zix 0 hik  hik hisk
0 0 Zsk he =1 e hie Tisk
Zgr 0 0 hsi hsik  Dsk
Zsr=| 0 Zsr 0O
0 0 Zyx
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Different FRG truncations

] ] R ke, B 201
e different truncations: [Rennecke, BJS 2018]

I, = /{qzq,k(%(?u + Y1) q + Ghi-Ssq + tr(Zs x 0,5-0,51) + Uk(Z)}

truncation running couplings

LPA'+Y Uk, hites Pstor Zis Zs s Zook
LPA+Y [zk’ Bl,k, Bs,k

LPA Uy

- =

LPA = local potential approximation = leading order derivative expansion

Y = Yukawa coupling running

LPA’ = beyond local potential approximation include wave function renormalization
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Chiral Phase Diagram

_, . . . ke, BJS 201
* Critical Endpoint for different truncations: [Rennecke, BJS 2018]

Tcep, tcep) [MeV]

truncation  running couplings (
LPA'+Y (i]k, hiky hsky Ziks Zsks Zox  (61,235)

Tir Pk, F (

(

LPA+Y (_]k, hl,k, hs,k 46,255)
LPA Us 44,265)

150

50
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e
Masses

T

— [Rennecke, BJS 2018]
u =0 MeV

T T T T T T

T

—— LPA'+Y

500 — [ u=200MeV || -eennnen LPA+Y |1
[ — —-LPA

e quark masses

M, [MeV]

1200

1000 driven by the mesonic

wave-function

800[ NN
[ renormalization

® meson masses [
600[

mass [MeV]

mesons decouple
more rapidly
beyond LPA

400t

200[

0 5 100 150 200
T [MeV]
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Masses

500}

400}

e quark masses 300¢

M, [MeV]

mass [GeV]

0o 5

1200

1000

800[
®* mMeson masses I
600[

mass [MeV]

400

200[

[Rennecke, BJS 2018]

mass > k

i quark mass
ol | [ pion mass
______ sigma mass

0o 50 100
T [MeV]
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150

200

driven by the mesonic
wave-function
renormalization

mesons decouple
more rapidly
beyond LPA

JUSTUS-LIEBIG-
22 T UNIVERSITAT
GIESSEN




. __________________________________________________________________________________0000000000__]
Mixing angles

e mixing angles determine light and strange quark content of g, f0, n, n’ mesons [Rennecke, BJS 2018]

80L e m—— ==
J — s @ 60l
0 L COS SOS S1n SOS o] % |
o Sin s COS Y O 2 |
(®))
' £ 40t
(77 [ COS Yy —SIM Py m E [ ¢p (LPA'+Y)
/ - . |
n Sin COS n [ ——— oA
p ' S 20_‘ ¢p (LPA)
— — — s (LPA)
Significant effects on pSeudosca|ar mixing 00 — Sb lllllllllllllllll

beyond LPA!

: 1200 ——
consequence: chiral partners of n and n’ change! :
1100}
mean-field/LPA LPA’ + Y 1000¢

(1, fo) (n,ao) § 900}

(n} o) (5 fo) -
800}
700}
600/

140 160 180 200 220

T [MeV]
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Agenda

¢ Role of (quantum and thermal) Fluctuations for QCD phases

from mean-field approximations (MFA)

to the Functional Renormalization Group (FRG)

¢ Impact of truncations

e Columbia plot
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Quark mass sensitivity: Columbia plot

For physical quark masses: smooth phase transitions = deconfinement: analytic change of d.o.f.

=» associated global QCD symmetries only exact in two mass limits

1.infinite quark masses (center symmetry) Order parameter: VEV of traced Polyakov loop(s)

2. massless quarks (chiral symmetry) Order parameter: chiral condensate(s)

mg ~|GAUGE
2" order
O(4)
for finite quark masses: physical point Nz
both symmetries : "
. y ‘mt” Nf=1
explicitly broken S

. mu,d
[de Forcrand D’Elia 2017]
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Role of axial anomaly?

For physical quark masses: smooth phase transitions = deconfinement: analytic change of d.o.f.

=» associated global QCD symmetries only exact in two mass limits

1.infinite quark masses (center symmetry) Order parameter: VEV of traced Polyakov loop(s)

2. massless quarks (chiral symmetry) Order parameter: chiral condensate(s)

still conflicting lattice results!

Ni=2 PURE
st - |GAUGE
1%

2Nl order

2(2) N\ "6'rder

physical point ',,."”Nf=3

l mtri " o Nf=1

S

. mu,d
[de Forcrand D’Elia 2017]
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open issue: Nf=2: 0(4)9 U(2)LxU(2)RIU(2)V9
=» similar crit. exponents

or even 1st order?

=» dep. on strength of axial anomaly!

- example:
if Ua(1) broken @T.: =» O(4) universality

=>» there exist tricritical mtrig
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Role of axial anomaly?

location of tri-critical point still an open question (maybe shifts to infinite strange quark mass)

below physical point

above physical point

m, o = O m- = OO
2nd grder crossover T T
. ______________________ ) mﬂ',c
@-----mnn-- >
15t order Z(2) crossover
O —
. Ne =2 A o0 Ne—2 _PURE _
nd
S 2" order Z(2) :E‘ Mg 2nd order Z(2) =
27d order O(4) gj) ond | dor 0(4) g
H= - 111 me m
phy me" He mPY by ,
m;™ e —— ‘ m?hy s S
physical point ~“Ng =3 b hysical point “N; = 3
(27 order Z(2) “ 2" order Z(2)
My g = mp O Myq = O° [HotQCD 2019]
_ _ _ JUSTUS-LIEBIG-
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Role of axial anomaly?

location of tri-critical point still an open question (maybe shifts to infinite strange quark mass)

below physical point above physical point
My =0 My = OO
2nd order crossover T T
. ______________________ ) mﬂ',c
@--=-=-=-====== >
15t order Z(2) crossover
Ny =2
O N¢ = 2 :
P!
s 2" order Z(2) >
2" order O(4) % .
o | physical point
H=—
h;
mgh}’.‘ .............. mls)y. //% .
physical point . ~N¢f =3 ﬁ\- .-".40‘
CIOS SOV Ne=1 .."'099°
e
) w/T=0
' ond grder Z(2)
—— o0 ’ |
u,d = 11 mud [HotQCD 2019]
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Mean-field analysis

chiral critical surface

standard scenario

Real world ——
Heavy quarks
1rst prder

/

| finite chemical potential
9

crossover
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Nf=2+1 quark-meson model
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X
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3
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100
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X
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R
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o
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AN
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\?\
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X
Sk
£
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%
i e
100 e s

X
N
<X
“45

XS
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Mean-field approximation

SR
<>

SKS
SSS

i

with Ua(1)-anomaly

[BJS, M. Wagner 2009]
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=
u [MeV] S
S
0027207207272
Vi
400 V0 =
e A s
300 s 2
S o s
Il 7
s xSty vty e
100 Wiz |
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chiral critical surface
non-standard scenario

1rst prder

/
~ /

9

crossover

without Ua(1)-anomaly

Real world ———
Heavy quarks
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FRG analysis

Nf=2+1 FRG QM truncation:

initial action in the UV: 7 parameters, (4 couplings, 2 explicit symmetry breaking, 1 ‘t Hooft determinant)

axial Ua(1) symmetry: on or off

How to fix initial action in the UV away from the physical mass point?

1.) fixed UV -scenario:
vary only explicit SB
remaining parameter
adjusted @ physical

point a=0 chiral limit

Nf=2

a=1 physical mass point

PURE

o"d order
O(4)

2" order
Z(2)

phychaI point /,"’Nf=3

Nf=1

mu,d
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FRG analysis

Nf=2+1 FRG QM truncation:

initial action in the UV: 7 parameters, (4 couplings, 2 explicit symmetry breaking, 1 ‘t Hooft determinant)
axial Ua(1) symmetry: on or off

How to fix initial action in the UV away from the physical mass point?

1.) fixed UV -scenario:
vary only explicit SB

remaining parameter 100 [ physical point - _1 ohvsical it
adjusted @ physical ol \ a=1 physical mass poin
point = a=0 chiral limit
%) 60 - -
o 40 F - { L
© Ms nd 2" order
100 to = 1 physical point | 20 |- %(4())rder Z(2)
80 | | 1 ; ! ‘
- 50 100 150 200 250 300 physidipoint
o 60 T [MeV] R
= Ne=1
s 40 No symmetry breaking in
20 the chiral limit!
0 ' ' ’ ’ ' nd
0 50 100 150 200 250 300 e

T [MeV] [Resch, Rennecke, BJS 2019] | My d
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http://arxiv.org/abs/arXiv:1712.07961

FRG analysis

Nf=2+1 FRG QM truncation:

initial action in the UV: 7 parameters, (4 couplings, 2 explicit symmetry breaking, 1 ‘t Hooft determinant)
axial Ua(1) symmetry: on or off

How to fix initial action in the UV away from the physical mass point?

2.) fixed fr-scenario: (motivated by chiral perturbation theory)
fix f; in the infrared when explicit SB is varied

trick: vary only UV cutoff while initial action is fixed

100 100 . | |
90
30
70
60
50
40
30
20
10

0

ol [MGV]
7s [MeV]

[Resch, Rennecke, BJS 2019]
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http://arxiv.org/abs/arXiv:1712.07961

Columbia plots

FRG
[Resch, Rennecke, BJS 2019]

eV

all fluctuations 300
quarks & mesons 200

100

0 crossover 0
o
» [MeV]
o 150 o ' mx [MeV] max [MeV] 100
with Ua(1)-anomaly without Ua(1)-anomaly
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http://arxiv.org/abs/arXiv:1712.07961

Columbia plots

FRG
[Resch, Rennecke, BJS 2019]

eV

p [MeV]
300 all fluctuations 300
200 quarks & mesons 200
100 100
0 crossover 0
. . . [©.@)
chiral limit 20
m~ [MeV] 100 300
100 mx [MeV] mr [MeV] 100
150 0
with Ua(1)-anomaly without Ua(1)-anomaly

2>
"""'?'o
S

O
R
X
O

Mean-field analysis

<
S
SESTSETIITE
- MeV Y
ke BJS. W 2 w = ;
[BJS, Wagner 2009] -
| 400 | Wi
% 205 07205
’ s 2 =
U1y 27524, %:7 ’420{"' 2 22
W g 7 e s
9, % A
100 e L
60 S Illlllllll L 175
g el 100

chiral limit
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Columbia plots

FRG
[Resch, Rennecke, BJS 2019]

T ey

all fluctuations 300
quarks & mesons 200

100

crossover

with Ua(1)-anomaly without Ua(1)-anomaly

Extended Mean-field analysis | # [MeV]
[Resch, Rennecke, BJS 2019]

p [MeV]

300

300

: 200
200 influence of vacuum
. 100
fluctuations of quarks
0

600

300400

mx [MeV] 100 ~
100200 mi [MeV]

150 0
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Columbia plots

100 | | findings:
- =530 MeV : . : .
Zzn 4=170 MoV conventional bending of chiral critical surface

80 | ca £0 . =» critical endpoint @ physical mass point
= el | tricritical strange quark mass far away from light chiral limit
=) First-order region around chiral limit very small
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Outlook

‘EoS for high-density and vanishing temperature|

‘-) Neutron Stars physics|
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Mass-Radius relation

[Otto, Oertel, BJS to be publish]
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Summary & Conclusions

> quantum and thermal fluctuations on QCD phase diagram via

FRG investigation with different truncations: LPA, LPA’, LPA’+Y

=» fluctuations are important (beyond LPA )

-» mass sensitivity of the chiral phase structure (Columbia plot)

small first order region with Ua(1) breaking (tricritical mass)
first-order band without Ua(1) breaking
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