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1. Introduction

Definitions

Current correlator

Ga(r) = / (UT,W) (7, x) (9T2W) (0,0) 7

Channels
@ [, =y,: Vector s = v,75 Axial Vector
@ [, =1: Scalar I, = vs: Pseudo Scalar

Susceptibilities

Xa = BGa(T) = /<(\T;’70raw) (7, x) (JI'YOraW) (0,0)) 7

X

Channels:
@ [, = 1: susceptibility

@ [, = 5. chiral susceptibility
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Physics from Euclidean correlators?

Physical quantities we are interested in are defined in Minkowski
space. They can be fitted from the correlator’s spectrum

p(w) = Disc[G(—iw)], or G(r)= / dwK (w, 7)p(w).

)
PhySiCSZ Energy of bound state

@ Vector channel: Diffuson |
§ Coefficient A
e Heavy quark diffusion |

e Quarkonium bound state J/W, T

@ Scalar channel:

e Part of the energy momentum tensor
e Fermionic contribution to the bulk viscosity
e Quarkonium bound state xc 50
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Physics from Euclidean correlators?

Physical quantities we are interested in are defined in Minkowski
space. They can be fitted from the correlator’s spectrum.

p(w) = Disc[G(—iw)], or G(r)= / dwK (w, 7)p(w)

@

Physics: ol Energy o bound sete
@ Axial Vector channel: ___ Diffusion |
. 55 Cosfficient ﬂ
o Quarkonium bound state xc 51
10
@ Pseudo Scalar channel: \

e No constant part.
o Quarkonium bound state 7 p : : : o
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Why perturbation theory?

Perturbation theory: minuses

@ QCD has a large coupling

@ Breaks down for small frequencies (or close to the bound state)
Lattice:

@ Contains all the physics

@ Bound to Euclidean

@ Need analytic continuation to Minkowski space. ..

Analytic continuation is ill defined in general, here G(7) is not even
analytic ... That's were perturbation theory comes back:

@ Handle Euclidean and Minkowski
@ Large frequency limit is fine
@ Could be used to define the analytic continuation

@ Resummations exists for bound state (and small) energies
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2. Euclidean correlators

NLO Calculation: Diagrams and renormalization

We calculated the thermal NLO correlators for any M, T:
[YB, M.Laine; V, x: (2012), S: (2013), PS, AV, xs: (2015) ]

@ The “genuine” 2-loop graphs for G are

TG >

@ Mass counterterm: SM?
2 _ _6g°CGeM? (1 24
@ Pole mass scheme dM< = @y - +1n w2t 3
= X, X5, Gv, Gay UV and IR finite after mass renormalization
= I\/lbareGs, l\/lbarers UV, IR finite after mass renormalization
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Results and comparison to the lattice

To compare the curves, scale:
@ Gj; and x to the free, M=0 result:

2
o Gfree = 2N T3 (% 4 2eos@nrl) 4 og - QTT)M)

sin2(277T) sin3(27TT)
° Xfree _ NC?’T2 T=145T, T =125Agg
T T T T T
LO |7
-- NLO
T=145 Tc’ Tc =125 AM‘S O latice| _|

o

free

X/X

0.2

0.0=L L L L I 1
0.0 10 20 3.0 4.0 50
MI/T

[Ding, Francis, Kaczmarek, Karsch, Satz,

Soeldner 1204.4945; Ding, Francis,

05 Kaczmarek, Karsch, Laermann, Soeldner

1012.4963]
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Addition of a transport peak

The spectral function p;; /w has a wé(w) transport peak.

@ In the full result one expects a Lorentzian shape.

@ Replace in Gji the constant part by a 7-dependent part from

wn2

UJZ +n2
@ We vary D tuning 7 to keep the area under p(w)/w constant

Py (w~0) ~ 3Dy

T:l.l'lSTc,T.::l.ZEv/\m.s T:l.45Tc,Tc:1.25/\m
1200 L L B B 7 T T T T T T
oo M/T=35,2nT D = oo M/IT=35,2nT D=0
[ |-~ transport peak 7 115 . transport peak B
115/-| © lattice
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Scalar channel: Renormalization

Gs Not renormalizable through a redefinition of the mass!

@ But M2 _Gs(7) is.

bare

. 2 2 =2
@ Using pole mass scheme M7, . = M? — % (é +In4m + %)

@ = Negative contribution to the spectrum dominating at w > M

@ = Euclidean correlator decreases at small 7.

M =4 GeV
o.10f ' B 5604 1
f\\ — ™
4e-04 - [ \ c=- pylaT=04m
/
w [ \ R " =
3 \ polla@T=02m
< 3e04 .+ pllaT=0IM
>
; 2e-04 —
1e-04 —
v
&
00+00 | memaz = T imman]

[YB, Laine, Vepsildinen, JHEP 02 (2009) 008]
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Mass dependence and comparison with lattice

Unphysical behavior in the pole mass scheme
e MS scheme — 6M? = —% (1)
e Now M — m(u) and we refer to M = m(u = 2GeV).
@ Renormalization scale 1 oc w, 1/7

= Plot the results in the MS scheme:
2 NLO
At small 7, M, G2 (1)

o Does not match M2, _Gpree(T) o Matches m(1u(7))? Gereo(T)

)

G(T,7)/Gs naive(7)
G(T,7)/Gsfree()
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Fermionic contribution to bulk viscosity

Even if this should be extracted for the spectral function, we can
compare Gg(7) to the gluon part of the trace anomaly Gy(7).

0.6 -
05/
04

03"

G(T,7)/Gy(1)

02"

01!

0.0 4
0.0

= Charm quark might give a large contribution to bulk viscosity!
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3. Spectral functions

Vector spectral functions and mass shift

The calculation goes as before and we extract the discontinuity.
@ After mass renormalization = spectrum is finite except at threshold.
@ This divergence can be reabsorbed by redefining M? — M? + 5/\/72T.

@ §M2 is the usual thermal mass shift (for Mr_o = 0):
00 2 2
M — g2 [y k() + () — £

Spectrum, for different masses at T=1.57

[YB 2014, Altherr et al 1989]

w/T

Unlike in old NLO calculations with M+—g = 0, the limit w — 0 is_finite
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Vector spectral functions and transport physics

NLO corrections and w — 0 limit for charm and light flavors.
'bos’ thermal corrections are o ng(k) and the 'ferm’ « ng(y/M? + p?).

M=33 T, charm at 1.5T, M=T
0.06 T T T T T - 0.10 = T pyvaRa— - -
005F 00035 o 00 |5 on y
00030 PNio \ Py : Dt .
004 = 0.0025 E \ - 0.06 . I Y .
T3 00020F N \ i . Ny Rt
Lo0001sE N - y 1 ’ -
3 003F T 00010 S o
% 0.0005 ) i
B Toom
R E 00000 B
[ 012345 i o
S o]
001F /T P
B - AN D002
000 e e
) B ‘
_oor b ‘ L R . ‘ ‘ ‘ ‘
05 10 50 100 500 05 10 50 100 500
T T

With thermal mass shift and all contributions: 'well defined’ transport
peak for any Mr—_o (with D: diffusion and 7p: drag coefficients).

_pv(w) O<w§wuv 3 7’]%
w 77%, + w?
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Results for transport coefficients

Diffusion coefficient: D = —3i lim,,_0 p‘/u(}w). If the onset of

non-transport physics is well separated from the transport peak:

IM? w2 oV (w Momentum diffusion coeft.
K =2Mjn Tnp =~ —% M0 [Caron-Huot et al, 2009]
X w Np Kw<Lwyy
Fluctuation dissipation theorem: D = 2T2//-£. Transport coefficient
Charm at T = 1.45Tc:
@ Here: 27 TD =~ 0.1. 0.100
. 0050
@ Lattice results 2 TD ~ 2 %c
[Ding et all, 2010] <
«~ 0010
@ Perturbative Heavy quark limit 0005 |

21 TD ~ 10 [CaronHuot, 2007].

@ Here via fluct.-diss: 27 TD ~ 0.8! 0001k e .
0.1 02 05 10 20 5.0 10.0 20.0

M/T
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Comparison to lattice: Massless fermion

Euclidean corr. from [Ding et al 2010] and spectrum [Aarts et al 2014]
(nf=0, T=146Tc) (nf =3, T =201MeV)

Euclidean Correlator G"(7)

1.08

€
2 oy
Y 3
ot ¥
o

PP T

103 .
* Lattice
. . .
0.00 . . . .
0.1 02 03 04 05 P " 5 % 3
Tt /T

@ Here: 27 TD ~ 0.3
@ Perturbative resummation from [Arnold et al 2000, 2003] 27 TD ~ 25
@ Lattice results ranges from 27 TD ~ 0.5 — 6

@ To fit the Euclidean lattice data an additional: 27 TD = 0.05
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4. Conclusion

On renormalization:
@ V, AV are renormalizable through a mass redefinition.
2 2
e The M, xScalar and M; xPseudo Scalar as well.

o For the latter, use the MS scheme.
o They scale to m(ju(7))?Greo(T) at small 7.

On physical properties:

@ The determination of transport and bound state properties
requires very precise lattice data.

The charm quark could be important for the bulk viscosity.
The value of the transport coefficient is method dependent.

Transport peak not well separated from other physics.

Thermal mass corrections might be an important ingredient.
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Reconstructed correlators and comparison to the lattice

To compare the curves, scale:
@ G;j; to the reconstructed correlator

o NLO: GO (7, T) = [ 92(—py" ") K (r,w)

o Lattice: G"l’_attice,reC(T’ T, T/) = ZT/(T,T/) G(7'17 T/)

T=145T, T =125Ngg
T T T T T T T

120F

o LO

Fl-- NLO
O lattice
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Pseudo scalar

Compare Mngs with m(14(7))? Gpstree(T):

PSyg for M=0.25 .2, T=1.46 Tc, Blue:LO, Magenta:NLO, no 6My shift M=0.225, 1, 2 for upper, middle , lower band

G/G_free
o o
> @
G(7)/Gpree(r)

0.4
0.2
0.0 L L L L J oo
0.0 0.1 0.2 0.3 04 05 00 01 02 03 04 05

T T

Normalization of the lattice data doesn’t match even if we

@ Add bound state peaks, transport peaks
@ Add the NNLO vacuum part

@ Take the thermal mass shift into account



Backup Slides

Pseudo scalar

M odification of normalization

300 |
P
* Lattice
+ G

150 F° 1

G(1)/G (1)

100 1

0.0 0.1 0.2 0.3 04 05
T

Scaled here to the anomalous contribution to the non-conservation
of the pseudo scalar current
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Addition of a bound state peak

In the temperature range of interest — at most one peak.

@ Slightly to the left from the free quark-antiquark threshold
@ Model this by a skewed Breit-Wigner shape added to NLO
Aw?y?
(w—2M+ AM)? + ~2
@ Set AM = 2+, add to the thermal NLO result
@ Add to vacuum result with A — 5A, v — /5

T=145T,T_ = 125 Ners
T T T

P (w ~2M) ~

T=145T,T = 1.25 N

120~ T T T T T 120 T T T T T T T n
- M/T=35 o MIT=35
[ |-- added resonance ] [ |-- added resonance
o o i
11851 lattice 11851 lattice
8 = 8 =
© 1101 S

., -
1.05( ’ 1.05 ‘
L ’ ] L
1.00 N | I I | 1.00 0 | o
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Spectral functions for all channels at NLO*
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Comparison with old calculations

Thermal correction with/out thermal mass shift (M7—¢ = 0):
[Altherr, Aurenche 1989, YB 2014]

M=T M=3.3T, charm at .57,
) 0.06 . —
1,000 :
0500} 00SF 00035 _— :
* . N z
L OME 3 goonE S \ b
5 0.100 . Lo00015E N \ !
3 0050 4 08P T oo0i0 pR. \ :
hg e ) 0.0005 7 1
3 L 00000 :
3 room 012345 :
0010 001t ot Ao :
0.005 . d
000 e e
.+
0.001 : 001 b o :
0 2 4 6 8 10 12 05 10 50 100 500
T ofT

Difference lies in the way the mass shift is performed:
@ Altherr — only in LO (M = 0 was set in NLO from the start)
@ Here — in both LO and NLO
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