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Probes that used to study the
QGP:

The suppression of quarkonium production may
indicate the formation of the QGP.

(ALICE Collaboration, PLB 2017)
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Introduction & Motivation

® Large quark mass
M. ~13GeV and M, ~4.7GeV > Agep ~ 0.2GeV

® Tightly bound - .
rye ~04fm and ry ~0.2fm < 1fm

® Quark velocity ¢ <« 1 == non-relativistic treatment

® QQbar properties obtained solving the Schrodinger equation

[ Aoux) = Byoylx) )

) NE
H = — +HVix]+ my + mg
2mp

— Potential describes the QQbar interaction

® Heavy quark potential contains non-perturbative physics, constructed
based on the Lattice simulations

® [Short-distance behavior|of the potential can be studied perturbatively

this talk!



Introduction & Motivation

® A deviation of the system from equilibrium:

The energy-momentum tensor

0f =f— fa

2
Tij = Peq(€) ds — 1 (&;'u,j + Oju; — §5ij8k;uk> — (0ijV - u

1

1
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shear viscous correction

ﬂ

bulk viscous correction

® The parton distribution function of the Quark-Gluon-Plasma

[f(p) — .rrirl (}3') + fs}}lllkj.(p) + fsshmu‘f(p)}

unlike the distributions at the thermal fixed point, non-equilibrium
corrections are not universal




Introduction & Motivation

® Anisotropy due to expansion and non-zero shear viscosity

v The QGP created in HIC exhibits an anisotropy in momentum space.

@)= fa(VEE T € P))

(Romatschke & Strickland, PRD 2003)

[ fsshearf(p) = _é(pQJ-p;)d fid(p)(] + fid(p) )} [ 10 1 }

Tt s

(Asakawa, Bass & Mler, Prog. Theor. Phys. 2007)
® Bulk viscous correction to the parton distribution function

\ k\“ . Pu =
[r‘hbum.f(ﬁ:)z (?) tbfid(k:)(lijid(k:))} [ ® ~ ;i;k 1P| wg}




The Perturbative Heavy Quark Potential at Finite Temperature

® The heavy quark(HQ) potential due to one-gluon exchange

[ V) = —4Cr [ (fff (€7 -1) (0 =0.p)) }

In the real time formalism of the thermal field theory, the physical 11
component of the propagator can be rewrite as D,, = (D + D4 + Dr)/2

2

-
[R_ev (r)=—¢*Cr / i P (e®* —1) L (D*ﬁ - D*ﬁ) } —_— Binding energy

.
[ ImV(r) = —ggﬂpf d P;. ((:ip'r — 1) lD*i— } — Decay width




The Perturbative Heavy Quark Potential at Finite Temperature

® The Dyson-Schwinger equation
[ i1 Dis ] _ [ D11 Dig ] N [ Dy Dig ] {Hu I ] [ 1 Dis ]
D3y D3 Dy Dy Doy Dgp | | Hyy Hgp | | D3y D3y

!

[ D*p = Dgp+ DRllpD*R D*r = Dp + DrIRD"F + DplIaD" 4 + DHHFD*A}

® Gluon self-energy(SE) and Hard Thermal Loops(HTL)

d*K 2.
% [~ K ~VS(K F_ ™ P
W (P) = ~5Npg? [ ST S(@Q)y S(K) LSS N
N,
with HTL: K
f } K~T, P~gT
W {r\...r \ r\...r.
Ik (P) = Nyg* fmmm fr (k)= & P) | !
4 (k- p + ey
p
Hm i ,
L (P) = 8iNsg?n> o —fr{}frk}—l} Jk-p-2)
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The Perturbative Heavy Quark Potential at Finite Temperature

® The ideal case:

fa(p) = (/T £ 1)

Rev e) = ~¢*Cr | S 2oewr ~1f 9°Cr [,
ey = — E - — | — - & — — m
evir g Lr (27)3 p? +m% 4 P r
1 d’p . —7T'm? g>CpT
ImV (r) = — "*’Cr/ (P -1 ————2 - 7
[m (x) g -F (27)3 5 )p (p? + m%)? 47 #(r)
- T =Trmp
- 2 g [ ., 0 dfiso(k) 272
with S ??ED:_F\/G dk k BT :gﬁ (Ny+ 2N,

o0 z
L ¢(7) = 2/ dz——— |1
o (241 (Laine et al , JHEP 2007 )



The Perturbative Heavy Quark Potential at Finite Temperature

® Bulk viscous corrections: . f(k) = (%) D fia(k)(1 + fia(k))

|®| > g*>  (neglect 2-loop corrections)

assumptions: {
a >0 (HTL applicable)

Corrections isotropic, only a change of the Debye mass in gluon SE

A a:9) (a) = lfkdkﬁh.ﬂk f(k) _ %(1 — 279 (2+ a)((1 +a) (fermion)
- ® [ kdk fia (k) Ti’fl" (2+a)(1 +a) (boson) ,

r{r;._gj(a} 1 [ dkE? dpun f(k)[1 £ 2fia (k)] B %—(1 — 273+ a)((1 +a) (fermion)
x ® [dkR (W)L £ fia(k)] — | ZT@+a)C( +a) (boson) .

Corrections NOT the same for retarded solution and symmetric solution

: 1
[ r:g,-‘r‘gj(u} = —(2 +u}f{mj (a) }

[u




The Perturbative Heavy Quark Potential at Finite Temperature

® Bulk viscous corrections to the HQ potential:

2y [ o - o ‘-')(T
i g°Cr —=r|,/m2 _+6m2 gCLF
ReV(r) = _‘{1;*:— e WEDT"R.D| = \/m 2 p+0o6m%
2 .. oy 2
, g°CpT|mpp +0mEpp| .
ImV(r)=— 5 —— ()

— 2 — a2

Mpp=MFp =

g
(2N¢+NI) 6

ZTZ

with 5 émy p = @ (QN[.. (a) + Nf({q (a))

5?!;1—9 = (QN(-{ (a) + NJ‘({@ (a})

o <0
‘ETQ .
reduced screening and
6 damping scales
2T2
6

v" The real part has the same structure as in the ideal case with a modified retarded Debye mass

v" The imaginary part is multiplied by a factor which equals 1 in the thermal equilibrium




The Perturbative Heavy Quark Potential at Finite Temperature

(p-n)’

® Shear viscous corrections: dea:f(p) = _éng fia(p)(1 £ fia(p))
corrections anisotropic, can not be a redefinition of the Debye mass in SE
4 )
s (1 cos(20 2
oL (P) = tm (E + %) + €My (P) [cmmﬂn) - ;;;3 (14 3cos(26,))
- J
4 )
. g I 1 1 " 1 1
SIIE(P) = 5%1?1’ mp, — (:é;in3 6, + (3cos® 6, — l}ﬁ) O — 1)
L p P
H DS equation B, is the angle between p and n
. Em2% 1 —3cos(20,)
§D*E(py = 0) = 1
[ r(po =0) 6 (p®+m%)?
3miTm? ; dwiTm; ; 1
§D*F(po = 0) = D sin6, — D __(sin?6, — =
[ rpo=0)=¢ 2p (p2 + m%))? i n =& p(p? +m%)3 (sin”6n 3)
Beyond linear approximation, analytical (Nopoush, Guo & Strickland, ArXiv:1706.08091)

results for the static gluon propagator can be
also obtained. (Dumitru, Guo & Strickland, PLB, 2008)
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® Shear viscous corrections to the HQ potential:

( ¢>Cr [mp {’_ﬁ g° (r{ T P2 )
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Results and Discussion
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FIG. 6: Temperature-dependence of the binding energy for the 1P state of bottomonium for two
values of the plasma anisotropy parameter £. The straight line corresponds to a binding energy
equal to the temperature.

At T ~ T, , the population of the state with ., — 0 is about 30% higher
than that of either one of the L. = 11 states.




Summary

> HQ potential is an important quantity to study the physics of quakonia in
hot and dense medium

> Bulk viscous corrections to HQ potential
® for the real part: a redefinition of the Debye mass

o for the imaginary part: an extra factor depends on the corrections to Debye masses

/> Shear viscous corrections to HQ potential \
® for the real part:
(1)deeper and closer to the vacuum potential, reduced screening and stronger binding;

(2)not uniform in the polar angle, different binding energies for quarkonia with different
polarization

o for the imaginary part: decreases with increasing viscosity and smaller decay width

- /
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Backup

X axis (transverse to beam)

z axis (along beam)



Introduction & Motivation

® Transport coefficients in QCD

v" Parametric behavior: weak coupling and massless quarks

3 Arnold, Moore & Yaffe, JHEP 2000, 2003

.?’ ~

1 ¢~

5 log (Arnold, Dogan & Moore , Phys. Rev. D 2006)

a? log

B

Bulk viscosity: suppressed by two powers of ~ o2

v the bulk viscosity to entropy density ratio increase, as T approaches Tc

( Kharzeev & Tuchin, JHEP 2008)

(Karsch, Kharzeev & Tuchin, Phys. Letts. B 2008)
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® Shear viscous corrections to the binding energy and decay width of
heavy quarkonia:

for extremely heavy bound states: Bohr radii ~ 1/ (g> Mg ) < screening length ~ 1/mp

Coulombic contribution dominates

v treating the medium effect as a perturbation of the vacuum Coulomb

potential provides an estimate for the binding energy

-

Lf{r) = F:,,a.u:{f] +amp — &ET;D + .. J .::>[ Ebin :c: E‘Jac 1+ amp — Ct&::—ﬂ J

-

v treating the (imaginary) potential as a perturbation of the vacuum Coulomb

potential provides an estimate for the decay width

2 2 2 1
. _!;I'“CFT 3 N2 A2 1 1 3 — CDS(?H} _ 167T mp 1 § 1 q CP_‘!IQ
[ b= A ,[d T e +\3 3 20 g2CF ﬂ-fé 2 " 8Tmp
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Density evolution 1sovs. Aniso
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