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Standard Model of Elementary Particles

c QCD before CF
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quarks confined inside hadrons ! deconfined quarks




What is QCD?

non-perturbative
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deconfined quarks
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Gauge Fixing

S= [ 200+ 5@+ M+ p0)v)

For computations in practice one has to gauge fix!

QCD:

Kk
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Gauge Fixing

§= [{G(F8)? + 8P+ M+ po)y)

For computations in practice one has to gauge fix!
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Picture:
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Physics does not depend on the
choice of ¢....(hopefully)...




: Heavy Quark
Landau gauge fixing "Qcp
Fix € s.t. Jan Maelger
QCD: Picture:
covariant gauge: If
QCD with CF
OpApy =w OtA=w or 0tA=0,
Landau gauge: then also
OuAu=0 Oi(A+c)=w or O(A+c)=0

Therefore A and A + ¢ are

— leads to Gribov copies due to X
”physically degenerate”.

non-complete gauge fixing.
Ie there are several configurations
that are ”physically degenerate”.

Unsolved problem since 1978.

— Model via an effective theory!
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Curci-Ferrari and gluon mass term acb
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S=‘/Z{E(FSV)Z+TZ(¢+M+MVO)1[)}+SFP+L{%WLZ(AZ)2}

This gluon mass term can be motivated in several ways

> phenomenologically from lattice data of the Landau gauge gluon QCD with CF
propagator saturating in the IR

> Residual ambiguity after non-complete gauge-fixing in Fadeev-Popov
procedure due to presence of Gribov copies
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Weak coupling expansion

Heavy Quark
QCD

Jan Maelger

|
perturbative!ll! | perturbative, gs(E) << 1
|
e ™ p
| | ‘ I\/Iass/E‘nergy/Temp E
Il Il Il
\ ‘ \ ‘ T \
1keV 1MeV 1GeV 1TeV

|
quarks confined inside hadrons I
|

(’)=(90+g(91+g2(’)2+93(’)3+...

QCD with CF

deconfined quarks




Some YM & QCD Correlation functions S
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QCD Phase Diagram oy Qo
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Several approaches on the market:
> Lattice QCD
» Dyson Schwinger Equations
> Functional Renormalization Group
> Variational Approach
> Gribov-Zwanziger Action
> Matrix-, QM-, NJL-Model,...

»  Curci-Ferrari Model




Heavy Quark

LOOp Expansion QCD
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V(rs,rg) = -TrLn (ﬁ + M + pyo - igvogktk)

+gTan (D2 + m2) - %Tan(DQ)
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Qualitative Results acb

Jan Maelger

QCD with CF

0000 =
oN» o ®o

Polyakov Loops

Temperature in GeV




Quantitative Results 1 Heavy Quark

1,

i \
y _ M:(Ny)
1 0% ‘\\ Ny = Tc(Nf)
0o T ] O(1):  Mpare = Mren. QCD with CF
0.9 0.95 0(92): Mbare = Z]\/I Mren. + CM
e

— hard to compare between different approaches!

However, Zps, Cps are independent of Ny at O(g?) , and observing

To(Nj =3) - To(Nj = 1)

~ 0.2%
Te(Ny=1)
allows for:
if Cpr#0
if Cpr=0 P A
Ryt Ry, » Mo(N%)/Mo(Nf) vy = vy I
N} Ny B Mc f c f Ny = Iy

is scheme indep. & comparable to other approaches up to higher order
corrections.




Quantitative Results 2 Heavy Quark
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p=0 [ R R Rs | Ro/Ri_ Rs/Ra| Y3 |
Matrix [1] 8.04 8.85 9.33 1.10 1.16 1.59 QCD with CF
GZI[2 709 792 840 | 1.2 119 | 1.58
Gz2 [2 945 1025 10.72 | 1.08 113 | 1.58
CF 1doop [3] | 6.74  7.59  8.07 | 1.13 120 | 1.58
[ CF 2loop [2] | 7.53 840 890 [ 1.2 118 [ 1.57 |
[ Lattice [d] [723 792 833 [ 1.10 1.15 [ 1.59 |
[ DSE[] [ 142 183 204 [ 1.29 143 [ 1.51 ]

— The overall good agreement seems to suggest that the underlying
dynamics is well-described within (Curci-Ferrari) perturbation theory.
1] [2]

(3] (4]




Imaginary chemical potential p = iu;

T/m
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QCD with CF

The vicinity of the tricritical point is approximately described by the mean

field scaling behavior
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Imaginary chemical potential p = iu;
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p=iTf3 | Ri__ Rz Rs | Re/Ri  Rs/Ri | Y3 |

Matrix [1] 5.00 5.90 6.40 1.18 1.28 1.56 QCD with CF
GZ1 2 502 592 643 | 1.18 128 | 1.57
GZ2 2 751 8.34 882 | 111 117 | 1.58
CF 1-loop [3] | 474 563 6.5 | 1.19 130 | 1.57
[ CF 2-loop [2] | 547 641 694 [ 117 127 [ 157 |
[ Lattice [4] [ 556 6.25 6.66 | 1.12 1.20 [ 1.59 |
[ DSE[] [041 085 L1l ] 207 270 | 1.59 |

— The Y3 values are in overall very good agreement between all cases,
one loop models and higher order ones.
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QCD after CF - conclusions

QCD after CF
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COHCIU_SiOH QCD
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Done:

Implement Curci-Ferrari as an alternative method to non-pert. approaches
in IR QCD

QCD after CF

> Correlation functions at first orders
» chiral symmetry breaking
> robust perturbative description of the heavy quark phase diagram
4 “e
Outlook:
We will keep pushing the model to see where it takes us!!

> chiral phase transition
> transport coefficients

> Off-equilibrium thermodynamics

>
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