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The QCD phase diagram

Direct access to phase structure using the

functional Renormalization Group

Diagrammatic, non-perturbative method 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
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projectors extendable by everyone
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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 dependeces

* GPU accelerated

Numerics Franz R. Sattler
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Open Source available October/November

* Automatic derivation and code
generation for large fRG systems

* Hydrodynamic methods for full
field dependeces

* GPU accelerated

Numerics Franz R. Sattler



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)]

Towards quantitative precision in QCD Dynamical Hadronisation Franz R. Sattler



o — m — four-quark flow

T

(Resonant) Mesons Remainder

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

— 1 T
hele) @ Ty e

Meson propagator

Towards quantitative precision in QCD Dynamical Hadronisation Franz R. Sattler



o — m — four-quark flow
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(Resonant) Mesons Remainder

Fu, Huang, Pawlowski, Tan
[SciPost Phys. 14 (2023) 4, 069]
[arxiv:2401.07638 (2024)]
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Full scattering potential
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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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Full mesonic potential of QCD
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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::5005
20 < — frx [MeV] 93.2%%
w15} i I mi, [MeV] 311.6+9:3
Q'§ Lk ms,x [MeV] 446.710:5
Bk Mo [MeV] 214.759%
, : : o1,0,x [MeV] 67.1%5%
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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Systematicerrors Il:
The LEGO®principle
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Systematicerrors Il:
The LEGO®principle

(0 — m)-four-quark flow

Separate LEGO® blocks: L0

* Glue subsystem {Aglue} = {vas, aas, acea} o5l _
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Systematicerrors Il:
The LEGO®principle

(0 — m)-four-quark flow
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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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Mapping out the phase diagram
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Mapping out the phase diagram
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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)

Ihssen, Hendricks, Pawlowski, Sattler
(in preparation)
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Observables Value Parameter in I'ayy,
My pol [MeV] 138(9) Coy = 4.67CGeV?
fic | fr 1.1914 Amg = 134.2 MeV

QA Auvy QA Agy = 0.227

m; [MeV] 350 a=0.0251 b=2GeV

fr [MeV] 97.273:9 -

ms [MeV] 485.0708 -
Ma,cur [MeV] 138 -

mo [MeV] 388.1+9-9 .

o0, [MeV] 69.553 _

Results on physical point of QCD
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[Phys.Rev.D 98 (2018) 11, 114515]
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Soft modes in hot QCD

matter
Braun, Chen, Fu, Gao, Huang, Ihssen,
Pawlowski, Rennecke, Sattler, Tan, Wen, Yin
(arXiv:2310.19853)

5.5 T==F— - T T T &) T e
5.0}
w 4.5}

4.0 fRG-QCD: leading scaling .
s fRG-QCD: leading+subleading scaling
------- fRG-QCD: fixed-point value

3'5 L et | L PRy | L PEETEAr A | . gl

0.01 0.1 1 10 100

m.[MeV]

Towards quantitative precision in QCD Mapping out the phase diagram Franz R. Sattler



Soft modes in hot QCD

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

Integrate out momentum
shells

['[¢] L [¢] Sl¢l

k—0 % k=A
k-ok k

IR uv

[Dw]ke—s[so]Jrf Az J(z)pa(z)
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Wilsonian approach:

IntegrateZLrj]te“r:omentum Zk[J] _ /[D@]ke_s[(p]—l_f ddea' (ZU)Soa(m)

['[¢] L [¢] Sl¢l

k—0 % k=A
k-ok k

IR uv

Introduce mass-like [D@]k — [D@]ren e—% fdda?(,Oa,(il?)RZb(aj)gob(a?)

“Regulator”
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Wilsonian approach:

IntegrateZLrj]te“r:omentum Zk[J] _ /[D@]ke_s[(p]—l_f ddea' (ZU)Soa(m)

['[¢] L [¢] Sl¢l

k—0 % k=A
k-ok k

IR uv

Introduce mass-like [D@]k _ [D@]ren e 2 fdda?(,Oa,(il?)R@b(aj)(pb(a?)

“Regulator”

. . _ 1 ddp (2) ab
Obtain Flow equation 8trk[¢] — 5 Z (27‘_)(1 Gab [¢] (p)atRk (p)
a,b
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Infinite Tower of
Functional
equations
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Infinite Tower of
Functional
equations

Infinite Tower of
Diagrams

Towards quantitative precision in QCD
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