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Direct access to phase structure using the

functional Renormalization Group

Nnon-perturbative, with direct access to finite p.

Vacuum

Ihssen, Pawlowski, Sattler, Wink
[arXiv:2408.08413]

Here, first step:

* Setup
* Systematics

Franz R. Sattler



Current vertex expansion
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TensorBases
Mathematica
package

With J. Braun,
J. Pawlowski, A. Geifiel,
N. Wink

Towards quantitative precision in QCD

In[2]:=

out[2]=

out[3]=

Out[4]=

* Automatically derived * Library of tensor bases,
projectors extendable by everyone

Needs["TensorBases "]

TBGetProjector["transAqbq", 1, {pl, mu, a}, {p2, d2, A2, F2}, {p3, d3, A3, F3}]

TBGetInnerProduct["transAqgbq"] [TBGetProjector, 1, TBGetBasisElement, 1] // FormTrace // Simplify

TBGetInnerProduct["transAqbq"] [TBGetProjector, 1, TBGetBasisElement, B] // FormTrace // Simplify
1

7zideltaFundF1av[F2, F3] - gamma[nu$20834, d2, d3] TCol[a, A2, A3] - transProj[pl, mu, nu$20834]
6Nf - 6 Nc= Nf

1

[¢]

Numerics Franz R. Sattler



TensorBases
Mathematica
package

With J. Braun,
J. Pawlowski, A. Geifiel,
N. Wink

DiFfRG
framework

Towards quantitative precision in QCD

* Automatically derived * Library of tensor bases,
projectors extendable by everyone

Needs["TensorBases "]

in[zl:= TBGetProjector["transAqgqbq", 1, {pl, mu, a}, {p2, d2, A2, F2}, {p3, d3, A3, F3}]
TBGetInnerProduct["transAqgbq"] [TBGetProjector, 1, TBGetBasisElement, 1] // FormTrace // Simplify
TBGetInnerProduct["transAqbq"] [TBGetProjector, 1, TBGetBasisElement, B] // FormTrace // Simplify

1
out[2]= 7211deltaFundF1av[F2, F3] - gamma[nu$20834, d2, d3] TCol[a, A2, A3] - transProj[pl, mu, nu$20834]
6Nf - 6 Nc= Nf

out[3]= 1

Out[4]= ©

* Automatic derivation and code
generation for large fRG systems

* Hydrodynamic methods for full
field dependences

* GPU accelerated

Numerics Franz R. Sattler



TensorBases * Automatically derived * Library of tensor bases,
. projectors extendable by everyone
Mathematica I
In[2]:= etProjector["transAgbq", 1, , mu, a}, , d2, a 2 s d3, f
paCRage ’ :zze:;nner:odic:["tr::s:qbq];'] E::GetProj}ect{::, 11: :Bzﬁe:;:si{s':l.em:nt?al]l:?:]FormTrace // Simplify

TBGetInnerProduct["transAqbq"] [TBGetProjector, 1, TBGetBasisElement, B] // FormTrace // Simplify
1

Wlth] Braun’ out[2]= 7zideltaFundFlav[F2, F3] gamma[nu$20834, d2, d3] TCol[a, A2, A3]  transProj[pl, mu, nu$20834]
6 Nf - 6 Nc? Nf
J. Pawlowski, A. Geiflel,
. out[3]= 1
N. Wink
out[4]- @

Open Source available around November

* Automatic derivation and code
generation for large fRG systems

DiFtRG * Hydrodynamic methods for full
field dependences
framework

* GPU accelerated
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Dynamical Hadronisation in fRG
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Dynamical Hadronisation in fRG
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o — m — four-quark flow
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o — m — four-quark flow

(Resonant)

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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o — m — four-quark flow

|
_|_

(Resonant) Mesons Remainder

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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o — m — four-quark flow

T

(Resonant) Mesons Remainder

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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o — m — four-quark flow

T

(Resonant) Mesons Remainder

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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Meson propagator

Full scattering potential

2 2 All orders of
0"+ n-meson

V 2 scatterings
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o — m — four-quark flow

T

(Resonant) Mesons Remainder

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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o — m — four-quark flow \

T

(Resonant) Mesons Remainder

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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Full mesonic potential of QCD

Field space:
Finite element method +  sensible RG-scale integration

Ihssen, Sattler, Wink
(Phys.Rev.D 107 (2023) 11, 114009)
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—— k=50MeV
gre —— k=0.1MeV i
% : i
b= 0.5F : 5
Image source: Py i
wikipedia.org SY i
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Grossi, Wink [SciPost Phys.Core 6 (2023) 071] 0.0 : :
Grossi, Ihssen, Pawlowski, Wink [Phys.Rev.D : |
104 (2021) 1, 016028] |
Ihssen, Pawlowski, Sattler, Wink 05 \ : L ! » :
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Full mesonic potential of QCD
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k@ — 390 MeV / Quantitative access to chiral limit!
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Systematic errors I:
Regulator dependence

Easy regulator variation thanks to
numerical framework: CISONEbIS h
#0 ' ' ' i (Fr/fr)x 1.2168::5007
20 < — frx [MeV] 93.24%
w15} i I mi, [MeV] 311.6+9:3
Q'§ Lk ms,x [MeV] 446.710:5
Bk Mo [MeV] 214.715'5
, : : o1,0,x [MeV] 67.135%
0.0 0.5 1.0 1.5 2.0 2.5 3.0

P2/ Chiral limit observables

Sattler et al. (in preperation)
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Systematic errors |IlI:
The LEGO® principle

(0 — m)-four-quark flow
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Systematic errors |IlI:
The LEGO® principle

(0 — m)-four-quark flow

Separate LEGO® blocks: L0

* Glue subsystem {Aglue} = {vas, aas, acea} o5l _
| uark-Meson | Quark-Gluon

* Matter subsystem {)\mat} = {h¢(p0) y )\qb,n(pO)} Q dominance
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Systematic errors |IlI:
The LEGO® principle

(0 — m)-four-quark flow

Separate LEGO® blocks:

1.0
* Glue subsystem {Aglue} = {vas, aas, acea} o5l _
' - ' k-Gluon
. Matt ) _ Quark-Meson Quar‘
atter SubSyS em {)\mat} {h¢(p0) ) )\qb,n(pO)} ~ osl dominance dominance
« Interface blocks {Mnter } = {ayiat )
04F s
02f— ¥
=> Systematic error estimates from subsystems; — 5
preliminary estimate 10%. 0.0 0T 10 10!
=> Low-energy effective theories. k[CeV]

Towards quantitative precision in QCD Systematic errors in fQCD Franz R. Sattler



g T KL T T
i E i
160 £% T ET AR
2 : -
140 F it _
120 .
— pp/T= 2
% 100 - FRG: N, —2 . il
e PNp=241 I8
g 80 L FRG: inhom ® 1
=+= FRG:Z;<0 @
& - " b o
60| @ freezeout: STAR [ i
< freezeout: Alba et al. &
40 | ‘@ freezeout: Andronic et al. o i
B freezeout: Becattini et al.
20 | ] freezeout: Vovchenko et al. i
# freezeout: Sagun et al.
0 M l 1 l 1
0 200 400 600 800 1000

pp [MeV]

Towards quantitative precision in QCD Full propagators Franz R. Sattler



T KL T T
160 L i& B i
= S
o <3 S Sim
140 F L A
120} g T = i
-;- ,UB/T: 2- MB/T
[ 100 -r——C FRG:.Nf=2+1 @ gl
z 80} FRG: inhom ® 1
& == FRG: Z,<0 & [} )
60 | @ freezeout: STAR - TR i
< freezeout: Alba etjl. &
40 || '@ freezeout: Androgic et al. © |
B freezeout: Becaiflini et al.
20 | @ freezeout: Vovghenko et al. |
| @ freezeout: Sagln et al.
0 M l / 1 l I
0 200 400 600 800 1000

pp [MeV]

Moat regime at high p
(possible inhomogeneous phase)

Towards quantitative precision in QCD Full propagators Franz R. Sattler



TMeV]

E [MeV]

T KL T T
160 g ' E i
= —
. < T3S tm
140 [ l
120 © i
pp/T=2
100 Fr-—Z FRG:.Nf=2+1 7 7
80 L FRG: inhom - 1
=w=n FRG: Z, <0 e ® 7
60 | @ freezeout: STAR - TR i
< freezeout: Alba etjl. &
40 || '@ freezeout: Androgic et al. © |
B freezeout: Becaiflini et al.
20 | @ freezeout: Vovghenko et al. |
| @ freezeout: Sagln et al.
0 M l / 1 l 1
0 200 400 600 800 1000
B [MGV]
S0 Tk ' 7 7
/
/I /

[ /
40 ;
/
/
30} /

10~

Jom—
20f == \\\\ ------- Z=05 |
Z=-0.003
———2Z=-005

P [MeV]

Moat regime at high p

Figure by Rennecke, Pisarski
[PoS CPOD2021 (2022) 016]

(possible inhomogeneous phase)

Towards quantitative precision in QCD

Full propagators

Franz R. Sattler



160 E-i E i
140 1% |
120 F B ossible .
— pp/T=2: ,~'MB/T H .
> 100k : ; moat regime 1
[ === FRG: Nj=2+1
z 80 | FRG: inhom / 1
&~ mm— FRG: Zy <0 inhomogeneous
60 || @ freezeout: STAR 1
< freezeout: Alba etjl.
40 || '@ freezeout: Androgic et al. i
B freezeout: Becaiflini et al.
20F| © d
@
0 b 1 y A | | 1
0 200 400 600 800 1000
pp [MeV]
50 7 o
/
40t
2
S 30t
w
LA - 2=1_ | Figure by Rennecke, Pisarski
z--0003 | [PoS CPOD2021 (2022) 016]
——— Z=-0.05
10+ 7 - - .
0 50 100 150 200

p [MeV]

Moat regime at high p
(possible inhomogeneous phase)

Towards quantitative precision in QCD Full propagators Franz R. Sattler



T

Ay
A
Al

=
()]
o

I (A

A (e

140
120} SN ossible
— pp/T=2: us/T P )
> 100k A moat regime
() === FRG: N;=2+1
.E. 80 | FRG: inhom /
&~ mm— FRG: Z, <0 inhomogeneous

60 || @ freezeout: STAR
<l freezeout: Alba etjl.
40 || '@ freezeout: Androgic et al.
B freezeout: Becaiflini et al.
20 | @ freezeout: Vovg
# freezeout: Sagln et al.
0 M 1 J 1 l 1
0 200 400 600 800
B [MGV]
50 7 - .
/
40t
3
S so0f
L
-—=2Z=1
Y e e s Z=05
Z=-0.003
——— Z=-0.05
10+ 7 - - .
0 50 100 150 200

p [MeV]

Moat regime at high p
(possible inhomogeneous phase)

1.0

0.8

0.6

0.4

1000 0.2

0.0 e

| Figure by Rennecke, Pisarski
[PoS CPOD2021 (2022) 016]

Full momentum resolution of
propagators

—————

———

—————————————————— - — M, l [GGV]

- 1/Z,
1/2
- M, [GeV]

M, 1,.DSE [GeV]
' Ml,lattice [GGV]

1072

L | '. “
10! 100 10!

p[GeV]

Lattice data: Cheng et al
[Phys. Rev. D 104 (2021), 094509]
DSE data: Gao, Papavassiliou, Pawlowski
[Phys.Rev.D 103 (2021), 094013]

Towards quantitative precision in QCD

Full propagators

Franz R. Sattler



& , sl Full momentum resolution of
160 2 S 1
o TSRl propagators
140 F i :
: : P =m0 o, w251, T
120 : possible - B
— ,UB/T: 2 P TS -
> 100 G- moat regime |
) === FRG: Nj=2+1 0.8F ]
E 8ol FRG: inhom | / 1 saew /7,
&~ sm=n FRG: Z, <0 inhomogeneous — 17
60 || @ freezeout: STAR ; 1 0.6F ]
< freezeout: Alba et/al. BT [GGV]
| | '@ freezeout: Androgic et al. ||
40 B freezeout: Becatflini et al. ~~‘\\ M; [GeV]
20 | 9] freezeout: Vovg A L N memme Ml,DSE [GGV]
B f t: Sag t al.
oL reelzeou a' n eI a , | { Ml,lattice [ GeV]
0 200 400 600 800 1000 0.2 .
UB [MGV]
e T i
wl p[GeV]
s Lattice data: Cheng et al
=, 301 [Phys. Rev. D 104 (2021), 094509]
- _ ' . ' DSE data: Gao, Papavassiliou, Pawlowski
A - g:;.s | Figure by Rennecke, Pisarski [Phys.Rev.D 103 (2021), 094013]
z=-0003 | [PoS CPOD2021 (2022) 016]
——z=-005 Access to pole masses:
10t : : : :
0 50 100 150 200 (N :2> o
pMeV] ik r’vfacuum = 139(12) MeV
Moat regime at high p N.—941
(bossible i mNr=2+1 — 138(9) MeV
possible inhomogeneous phase) 7, vacuum

Franz R. Sattler

Full propagators

Towards quantitative precision in QCD



Conclusions

® Motivation:
Direct access to phase
structure of QCD through
fRG

® Quantitative Vacuum
results in agreement with
Lattice & other functional
approaches

® Systematic error
estimates

® Easily extendable setup
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Outlook

® Results at finite (T,y) (in progress)

® More momentum
dependences (done in vacuum)

® Rebosonisation of further channels
(in progress)

® Increase number of tensor
structures (done in vacuum)
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Inclusion of Density mode (Gvyq)
and Diquarks

Ihssen, Hendricks, Pawlowski, Sattler
(in preparation)
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Inclusion of Density mode (G7oq) Full Nf = 2+1

and Diquarks
Pawlowski, Sattler, Steck
(in preparation)
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Soft modes in hot QCD

matter
Braun, Chen, Fu, Gao, Huang, Ihssen,
Pawlowski, Rennecke, Sattler, Tan, Wen, Yin
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Soft modes in hot QCD

matter
Braun, Chen, Fu, Gao, Huang, Ihssen,
Pawlowski, Rennecke, Sattler, Tan, Wen, Yin
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Wilsonian approach:

Integrate out momentum
shells

['[¢] L [¢] Sl¢l

k—0 % k=A
k-ok k

IR uv
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Infinite Tower of
Functional
equations
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Infinite Tower of
Functional
equations

Infinite Tower of
Diagrams
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Needs["TensorBases "]
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Figure 1. Possible scenarios for the nature of the thermal QCD transition as a function of the quark
masses, with a first-order (left) or a second-order (right) transition in the chiral limit of the light quarks.
Every point of the plot represents a phase boundary, with an implicitly associated (pseudo-)critical
temperature Tc(m,, 4, ms). (Here and in the following, “phase boundary” refers to a (pseudo-)critical
combination of parameters irrespective of the nature of the transition, which can be first order, second
order or crossover.)
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ese second-order transitions remains open. e chiral symmetry 1s different for
N = 2,3 boundary cases, one might expect critical exponents to smoothly cross from one set
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