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 Introduction: color screening, deconfinement and dimensionally reduced
effective theory (EQCD)

» Polyakov loop, correlators of Polyakov loops and deconfinement
« Lattice results on Polyakov loop
* Free energy of static quark anti-quark pair and color screening

« Summary
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Color screening of QCD force and deconfinement

QQ interactions in the vacuum QQ interactions in QGP

Qg

V(r)~or, r— oo V(r) ~ —exp(—mpr), r —
r
For quantitative description one needs 1 B
to introduce the free energy of static QQ pair P= NtrL’ (P) = exp(—Fo(T)/T)

Order parameter for deconfinement

1/T
L(z) = Pexp (z’g / drAg (z, 7')) if no light quarks are present
0
1 _
exp(—Foa(r,T)/T) = §(trL(r)trLT(0)> free energy of QQ) pair

Fop ~ exp(—Mr)/r?

Singlet free energy:
1
eXp(—Fs(T, T)/T) = 5tr<L(r)LT (0)> Fgo(r, T) = —CF% exp(—mpr) — Crasmp

Coulomb gauge
These quantities needs renormalization but it is the same
as for the T' = 0 potential



Dimensional reduction at high temperatures

Decomposition in Matsubara modes

- Appelquist, Pisarski PRD23 (1981) 2305
_ 1wWnT
¢(r, ) = Zn: e ¢n(®)  Nadkami, PRD27 (1983) 917

Sp= [ dr [ Bl@uP+V O] [ PalE @10n@)P+CrTnon()+V (9n))

integrate out all n = 0 modes F,=D,A,—D,A,
Effective hight T theory for QCD 277 >> ¢T > ¢°T : A, - 3124
% Iz

Sefr =1 d3x (%TTF% + Tr(D;Ag)? + m%TTA% 4 )\3(T?“A8)2>

Fyj = 0;A; — 0;A; +ig3[A;, Ajl, D;jAg = 0; Ao + ig3[A;, Aol EQCD

the parameters g5 ~ ¢g°T, mp ~ g7 and A3 ~ g*T' can be com-
puted perturbatively to any order.

T he effective theory is confining and non-perturbative at momen-
tum scales < g§ but can be solved on the lattice to calculate the
weak coupling expansion of the pressure and other quantities
Braaten, Nieto, PRD 51 (95) 6990, PRD 53 (96) 3421

Kajantie et al, NPB 503 (97) 357, PRD 67 (03) 105008 @

2
/7043 %‘/(4me) 3d YM theory MQCD
F = F(non-static) + T F3 F39 ~gs°

Integrate out Ag



Deconfinement and color screening

Onset of color screening is described in terms of the free energy of static quark anti-quark pair
2+1 flavor QCD, continuum extrapolated

Fog(r — 00, T) = 2Fg(T)

Foa(rT)-Tln 9 [GeV]
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The entropy of static quark

The inflection point of L,.,(T) can define a deconfinement transition temperature
but depends on the normalization

However, the entropy

Sg =

_OFg
oT

does not depend on normalization and carries the same information about
deconfinement and color screening

= define Tyecons from Sg

TUMQCD, PRD 93 (2016) 114502
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The onset of screening corresponds to peak is Sg and its position coincides with T,



The entropy of static quark

TUMQCD, PRD 93 (2016) 114502 [y —c
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At high temperature the static quark only “sees” the medium within a Debye radius,
as T increases the Debye radius decreases and Sg, also decreases

The onset of screening corresponds to peak is Sg and its position coincides with T,

The entropy of the static quark has been calculated at NNLO accuracy
Berwein, Brambilla, PP, Vairo, PRD93 (2016) 034010
Weak coupling (EQCD) calculations work only or 7> 2500 MeV



Casimir scaling of the Polyakov loop

Instead of fundamental representations consider Polyakov loop P, in arbitrary representation n
PP, Schadler, PRD92 (2015) 094517 Py =L

Use symanzik flow to renormalized the Polyakov loop and reduce the noise
Fodor et al, JHEP 1409 (2014) 018

Casimir scaling: free energy is proportional to qudratic

Casimir operator C, of rep n R, =C,/Cs
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Expected in weak coupling expansion: e.g. at LO I = —Chasmp



Casimir scaling of the Polyakov loop (con’t)

mn
o, 0g |
0.00 [ g L g ””” - ﬂig ”””””” L B B A e ———— . ﬁ }@ﬁﬁ
0.10 4 010 L ]
-0.20 | 243 % 6 1 020 [ ]
-0.30 — -0.30 L ]
»: = O1s [ Ny =6 —v—
-0.40 | B —O— 0y —&— 1 _0.40 N, =8 &+ -
£ A Oy7 X [ N, =10 —e—
- —— : 77 N; =12 3+
-0.50 =N e L L e L — -0.50 A9 L A B
100 200 300 400 500 600 700 T [MeV] 300 T [MeV]

Casimir scaling holds for T>300 MeV color screening like in weakly coupled QGP ?

Breaking of Casimir scaling first appear at order as* in the weak coupling expansion

Berwein, Brambilla, PP, Vairo, PRD93 (2016) 034010



Free energy of static quark anti-quark pair

For rT' <« 1 potential non-relativistic QCD (pNRQCD) can be used

e~ Foq(rT)/T _ le—Vs(r)/T 4 L8§€_VO(T)/T
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Large temperature dependence even at very short distances is due to color octet
contribution



Singlet free energy of static quark anti-quark and screening

Continuum extrapolated lattice results:

singlet QQ free energy, Fs(r,T)
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Free energy of static quark anti-quark in weak coupling
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The free energy of quark anti-quark pair at short distances can be descrtibed
by the weak coupling results within T=0 pNRQCD

The singlet free energy at large distances can be understood in terms of
weak coupling calculations in EQCD

Burnier, Laine,Vepsalainen, JHEP 1001 (2010) 054



Free energy of static quark anti-quark in weak coupling
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The free energy of quark anti-quark pair at short distances can be descrtibed
by the weak coupling results within T=0 pNRQCD

e Foe(rD)/T _ %G—VS(T)/T 4 L8§€—VO(T>/T

The free energy at large distances can be understood in terms of
weak coupling calculations in EQCD

Brambilla, Ghiglieri, PP, Vairo, PRD82 (2010) 074019



Summary

« Color screening can be studied in terms of free energy or entropy of static quarks
or in terms of r-dependence of the free energy of static quark anti-quark pair

« The entropy of static quark can be used to define the deconfinement transition
temperature and it is coincides with the chiral transition temperature

« The Casimir scaling of Polyakov loop in higher representations is observed
and implies the the naive picture of color screening is correct

» Rapid onset of color screening effects is observed at distances r=0.3/T

« Screening properties of the medium at temperatures few times the transition
temperature are governed by the perturbative Debye mass mj

« Quantitative agreement with weak coupling calculations is found for the
free energy and singlet free energy of static quark anti-quark pair for temperatures
few times the transition temperature.



Back-up: entropy of static quark in SU(3) gauge theory

Consider SU(3) gauge theory (no quarks) mp and g3? are know to NNLO
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Using the result from the 3d pressure the static part of F, can be evaluated exactly or up
to 4-loop order and convergence of the perturbative expansion can be studied

Reasonable convergence down to 6 T,
=> The biggest uncertainty comes from the non-static part which is known up to LO



