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Meson correlators and spectral functions

Vacuum and in-medium properties as well as dissolution of mesons are encoded in the
spectral functions:

plw,p,T) = %Im /_OO dtem/d3xeipx<[0(ac,t),O(O,O)]>T, O(z,t) ~ Q(x,)I'Q(z, t)

Melting is seen as progressive broadening and disappearance of the bound state peaks

Modifications of quarkonium yields in heavy ion collisions Matsui and Satz, PLB 178 (1986) 416
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Quark anti-quark potential at T>0
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Conjecture, Matsuiand Satz, PLB 178 (86)416 — 5. + 0T — —5—

T > 1T,
3r 3 r

Extending pNRQCD to T>0: the potential is complex, the real part can have thermal correction
but is not necessarily screened, except when r ~ 1/mp >> 1/T

Laine, Philipsen, Romatschke, Tassler, JHEP 03 (06) 054

Weak coupling calculation: Brambilla, Ghiglieri, PP, Vairo, PRD 78 (08) 014017

Quarkonium melting is caused by imaginary part of the potential not by screening !
Escobedo, Soto, PRA 78 (2008) 032520, Laine, NPA 820 (2009) 25C

Calculate the potential non-perturbatively on the lattice by considering Wilson loops

of size r x rat T>0
O

WrnT) = [ pw e

If potential at T" > 0 exists the p.(w,T) should have a well define peak at
w =~ ReV(r,T), and the width of the peak is ImV (r,T')

Rothkopf, Hatsuda, Sasaki, PRL 108 (2012) 162001

Challenge: reconstruct p,(w,T) = subtract the high w part of the spectral
function using 7' = 0 lattice results and model the ground state peak by a
Gaussian form 3



Details of the lattice calculations

HISQ action, T' = 153 — 352 MeV
a = 0.028 fm, m; = my /5, (mx = 320 MeV), 963 x N,, N, = 56, 36, 32, 28, 24, 20

a = 0.040 fm, m; = m,/20, (m, = 160 MeV), 64° x N,, N, = 64, 32, 30, 28, 26, 24, 22,
20, 18, 16

a = 0.049 fm, m; = m,/20, (m. = 160 MeV), 64° x N,, N, = 64, 26, 24, 22, 20, 18, 16
Calculate correlation functions of temporal Wilson line instead of Wilson loops (better signal)
Gradient (Zeuthen) flow for noise reduction:

Au(z) = Bu(tp, ) _ o 05ym|B]
B,(0,z) = A,(x) Ore BT ) = =G0 0B, (TF,x)

Gauge fields are smeared in the radius +/87r

V81T = 0.04 — 0.05

W(r,r,T)

1
Mets(r,7,T) = —0;log(W(1,7,T)) ~ - In Wirr taT)




Spectral function and effective masses
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See, Bala et al (HotQCD), PRD 105 (2022) 054513

Only tiny 7-dependence for small 7

o0 Distortions at small 7 due to flow
Whigh T :/ dwphzgh e~ WT ‘
(r,7) — 0o 2 WS“b(r, ., T)=W(r,r,T)— W}”’gh(fr, T)
On the lattice: phigh (r,7) =

W(r,7,T =0)— Agexp(—=V(r)1) S
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Spectral function and effective masses

e No plateau in m.ss at T' > 0 and only small T-dependence for small 7

e Distortions for small 7 are largely removed by subtraction

. T =251 MeV,r = 0.39 fm
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Model spectral function and the complex potential

ek (. ) = N, T) | . |
" ’ T (w—ReV(r,T))2 +T2%(w,r,T) pLat(w, T) = AM§(w — Et)
Io(r,T) —2I'g <w<2I
D7) = 0T ~2lo <@ <2
0 n otherwise
ReV(r.T)
_352Mev ==
1000 i T=305Mav oty 2= 3
T=251Mev ’s}*

> T=250MeV a@sPP

O T1=204Mev oo

> T=182Mev '...u"" ReV (r,T) shows only

ol .'.n"‘ tiny temperature dependence
al‘" and no hint of screening !

&

.’.

5

—-1000
N
—-2000
OTO 0i2 Of4 0i6 0i8 1f0 1f2

r[fm]

The same result if P]ﬁeak(W, T) ~ exp(—(w — ReV (r, T))2/(ImV(r, T))2) 7



Imaginary part of the potential
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Imaginary part of the potential (cont'd)

ImV (r,T)/T
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For 244 MeV < T < 352 MeV ImV (r,T)/T approximately scales with T as
one would expect based on weak coupling calculations



Current-current correlators and heavy quark diffusion coefficient

Py (W) = /Oo dte’* /d3a: <[J“(t,:f),J“(0,0)]> Orpi = —npi + fi(t),

0 (fi(t) f;(t) = Kds50(t — 1)
Momentum diffusion coefficient k=2MTn = 2T2/D3
0(®)/ pv(w) L T 1 _ T
A Z o _3X3MT]2+W2’ w < Wuv, U—MD_S
X/ )~ '

t

PP, Teaney, PRD 72 (2006) 014508 drag constant

Spatial diffusion constant 1
~ i DS ~
mean free path (weak coupling) i
WUV g
——} ﬁ' =
N~g*T%/M 2M ®
T
area under the peak ~ Xgﬂ heavy quark coefficient ~ width of the peak

For large quark mass the transport peak is very narrow even for strong coupling and its
difficult to reconstruct it accurately from Euclidean correlator calculated on the lattice 10




Heavy quark diffusion and lattice QCD

Obtain the momentum heavy quark transport coefficient through the force correlator

(F0F5(0) = (BB () + 5 ()G B Bu(t) - BB (D) (v2) — "
t— T
Can be rigorously derived in Heavy Quark Effective Theory
Casalderrey-Solana, Teaney, PRD 74 (2006) 085012; Caron-Huot, Laine, Moore, JHEP 0904 (°09) 053

Bouttefeux, Laine, JHEP 12 (2020) 150

13 <ReTr [U(ﬁ, ) gE;(7,0) U(7,0) gF;(0, 6)] > o oT
Gelr) = 3 i=1 <ReTr[U(5, 0)]> e ilgb UPE(M)
1 & (ReTr[U(8,7) gBi(7.0) U(r,0) 9B,(0.0) | ) Cor
G p(r) = /OOO d%PE,B(w)COShSSh_%%) W
K= kKp+ g<V2>/<3B 11
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Extracting momentum diffusion coefficient from the lattice

2+1 flavor QCD with m; =

ms/5 (m, = 320 MeV), T = 195 — 354 MeV,

963 x N, lattices with N, = 36, 32, 28, 24, 20; additional 643 x N, lattices
with N, = 20, 22, 24 = 3 lattice spacings at each T'; Gradient flow for noise

reduction

A, (z) = Bu(rr, 2) 9nn By (70 7) = —g? 0Svym|B] Symanzik gauge action and
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We see small cutoff effects thanks improved actions
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Analysis and modeling the chromo-electric correlator

Analysis of the chromo-electric correlator:

« Extrapolate the lattice results on the chromo-electric correlator to the continuum limit
» Perform the zero flow time extrapolation

Fits to model spectral function: GEg

9 R
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o x /T3 has significant temperature dependence

Heavy quark diffusion coefficient in QCD

e [, is significantly smaller in 2+1 flavor QCD than in quenched QCD and
is close to the AdS/CFT limit
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Lattice calculations of the chromo-magnetic correlator

The chromo-magnetic correlator has non-trivial anomalous dimension and needs renormalization
even in the continuum limit phys.
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Altenkort, de la Cruz Kaczmarek, Larsen, Mukherjee,
PP, Shu, Stendebach (HotQCD), PRL 132 (2024) 051902

and M S scheme at fi,

12
1 025030 .
_ZmLChGB \/%/T_ Gform i g g
97 GnormT 293 MeV 1 107 i i
— (]
1 a1 1T % g 8 8 3
81 T e 10,500 N $
{Fo T x| T0.458 : 5
R = ] To0417
nE == 1 10.375
e S ==L [ 0aq 6
6 S h 1z 0'292 T =195 MeV
I 0.250 ® i /pur =1.00, fip/T =19.18
| W O An/ur =100, gr/T = 27
d [ 1.004 i ¢ firg/ e = 1.50, pip/T = 19.18
e iy /pir = 150, ir/T = 21
pr_=19.18T 87’F/T ®  fin/p fir/ T

0.00 0.05 0.10 025 030 035 040 045  0.50



The M-dependence of the heavy quark diffusion coefficient
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Summary

e First full QCD calculation of the heavy quark diffusion coefficient become
available now and indicate that D, is smaller than un quenched QCD and

close to the AdS/CFT bound; the heavy quark mass dependence of Dy is
small

e Lattice calculations confirm the existence of the imaginary part of the
potential; There is no evidence for the screening of the real part of the
potential = quarkonium melting is not related to color screening. This
not unexpected from the point of view of EFT approach

e The imaginary part of the potential increases with the temperature and
distance, and for 244 MeV < T < 352 MeV scales with the temperature
reaching values ~ 2T

17



Back-up: Comparison with HTL perturbation theory

In HTL perturbation theory ReV is screened, but HTL approximation is valid
only for r ~ 1/mp and assumes mp < T' (problematic in realistic setup)

Lattice results on W (r,7,T) can be compared with the HTL calculations

Burnier, Rothkopf, PRD 87 (2013) 114019
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Back-up : subtracted effective masses for the Wllson loops
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Back-up: extrapolations at T=195 MeV:
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Backup: extrapolations at T=293 MeV:
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Back-up : calculations of the chromo-magnetic correlator
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