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Introduction

® Quarkonia are the bound state of heavy quarks and its own antiquarks

Charmonium Bottomonium

m., my, > Npcp =B Non-relativistic bound states

® QQuarkonia masses higher than the QGP temperature ==# thermal production strongly suppressed

® Quarkonium == as a probe of the quark gluon plasma formed in heavy ion collision

® Weaker colour binding at high temperature plasma == Decbye screening

‘O‘

@)

¢ O0 0O —p Dissociated i C
N NS Dissociated into ¢ and ¢
00‘

O CO‘ OQ
QGP medium

Matsui and H. Satz, Phys. Lett. B178,416 (1986)
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Vacuum

® (QQuarkonium suppression observed in many experiments of heavy-ion collisions : LHC, SPS, RHIC
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Quarkonium properties

\

v Potential Models
v Effective Field Theory (EFT)
v’ Lattice QCD: Non-perturbative approach

Potential Models serve as a basic tools to study the o8
properties of quarkonium states |
= 0.0_
In vacuum (7" = 0) : Cornell potential =
> -0.5:-
V(r, T =0) = Ztor |
r ~1.0}
In medium (7" # 0) : Screened potential
: a _ 1 — e MDf
Schwinger model V(r,T)=——e ™" +or{ }

r mpr

Dixit, MPL A9 (1990)227



Question: heavy quarkonia as a probe of non-eq. QGP?
® QGP has many different non-equilibrium properties:

- Dissipative ettects \

A

- Bulk viscosity —— — 5 —
- Magnetic field
- Moving medium ‘/ l \

- Shear viscosity (momentum anisotropy)

Resistance to 1sotropic expansion and compression

e QCD matter has non-zero bulk viscosity, which atfects the evolution of the medium
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PRL 115 132301 (2015) -

e Bulk viscosity of the QCD matter 1s 0.4 B E m PLB 663217 (2008)

. @ © o PRL 103 172302 (2009)
enhanced near the critical temperature ' '

C/s )

® Do heavy quarkonia work as an alternative probe

for non-equilibrium nature of QGP?

0.8 1.2 1.6 2
T/Te

Ryu et. al. PRL 115 132301 (2015)

Need to know

v’ How sensitive are heavy quarkonia to the bulk viscous nature of the fluid ?
v’ How sensitive are physical observables?
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How to incorporate bulk viscous correction

In-medium spectral functions

A

In-medium heavy quark potential Vin—medium(P) = € “(p) Veornen(P)
Dielectric permittivity £(p) e~1(p) = lim p2D"(P)
| o
1
Propagz;tors D(p) DY(p) = 5( Dy + D, + Dy)
Self energies I1(p) Dr(p) =

p? — Ix(p)



How to incorporate bulk viscous correction

Deformed distribution function in the presence of bulk viscous correction

F0) ~ falB)+ B g1

2T/ k2

= fia(k))

Non-equilibrium

* corrections

from bulk viscosity

Du, Dumitru, Guo, Strickland, JHEP 01 (2017) 123

Quark contribution to the retarded gluon self energy in HT'L approximation

2 0 :
i id (7, id/z\\ (P ;. P TPt

K

Q=K-P

1

6 w272

2p PV — p + i€

22 2 0 0 X
i g°T 3 . [P, D t+Dptic
md9(p) = N; (1 e ) £, (7, i) (—m , 1)

~

$mji — 3mIn[(1 + ™) (1 + )] — 3[Lig(—e™ #)] + Lig(—e™ )

72 + 31




Gluon contribution to the retarded gluon self energy

22 0 0 .
id, g°T [P’ , P +p+e
HR g(P) — 2NC 6 fg(m) (zpln pO o+ e 1)

1 - -
where fo(m) = 3 (3777,2 +27% — 6m In[e™ — 1] — 6L12(6m))

Total retarded gluon self energy
[T (P) = Iz'd(P) + I 8(P)

2 Pol p’ +p + e
mD,R % npo—p——ie 1

-~ 31
DR ™ "¢ (foq(m,u) (1 |
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Bulk viscous correction to quark contribution of gluon self energy

2T2 ~ 2 3 3 0 0 '
Spu 1P (P) = Ny 2T <I>( | )(p—mp TpTe 1)

1+emE  14emtit )\ 2p  pY —p+ i€

Bulk viscous correction to gluon contribution

22~ 2 0 0 :

g“1l“m 3 ) P p° + p+ 1€
SbulkII%(P) = 2N, O | — — ] 1
bulk T (P) 6 2 (em—l (Zp npo—p——z’e )

Quasiparticle mass m?(T, p) =

G*(T)T°N.  G*(T)T°Ny [ 3p°
9 | 18 - w272

Peshier, Kampfter, Pavlenko and Soff, PRD 54 (1996) 2399

Total retarded gluon self energy IIr(P) = Hi}%(P) + dpulIr(P)
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— mD,R -

0 0 -
Retarded self energy [g(P) = m? (p WP TP+ 1€ 1)
2p  pY —p+ie

Modified retarded Debye mass Mp R = m%, r T (5m%, R
: .~ 1 2 2
Symmetric self energy [Ig(P) = —2mi mp g — O(p* — p§)
D
Modified symmetric Debye mass mp g = m%, g+ 6m%, g
Di(P) = 5
Retarded propagator R — ~
propasg P2 + ’m% R
, _ 2ml’ ffz% g
Symmetric propagator Dg = ’
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| 1
Total propagator DY (p) = E(DR + D, + Dy) Re DY = E(DR + Dy)

1
| Im DY = —Dy
Dielectric permittivity e~ 1(p) = lim p*D"(P) 2
0
p —0

Dielectric permittivity
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Debye masses in the presence of bulk viscous correction
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® Debye screening increases as a function of @

e Non-linear behaviour of Debye masses with I° =39 non-perturbative etffects
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Real and imaginary part of the potential

~1
Vin—medium(p ) = & (p ) VCornell(p )
Real part of the potential

d’ . _
Re V(’I‘, T, (I)) — / (2 )€/2 (ezp " — 1)VCornell(p)Reg l(p)
(s
~ e MDRT 20 (e MD.RT _ ]
:—amD,R( — | 1) F = ( — | 1)—|—C
Mp,RT MmDpD,R Mmp,RT

Imaginary part of the potential

ImV(r) = / ( 4’p (€ — 1)Veomen(p) Ime ™ (p)

27‘(‘)3/2
~ 200\ .
_, /OO oz [, _sin(z2) = —aXT ¢a(mp,RT) = x(Mp RrT)
PnlT) = 0 Z(z2—|— ™ | Tz | DR
B *©  dz - sin(zz)
x(@) = 2/0 2(2% 4+ 1)? _1 Tz
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T=350 MeV
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e Effect of bulk viscous corrections:
® [arger screening

e Suppression of |ImV|at large r
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Quarkonium spectral functions
s-wave vector channel spectral function

pV (w) = lim 1(';'(cu;r,r’).

r.r'—0

G(w;r,r) =/ dte"'G” (t;r,r')

— 0O

Schrodinger equation

A

[H +i|ImV (r, T, ®) \] G (t;r,v') = i9,G™ (t;r, )

Burnier et. al., JHEP 01 (2008) 043

A vz o l(l+1
where H:QmQ m; | ETLQ’IJ) - Re V(T, T, (I))
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For & =0

For @ # ()

Quarkonium spectral functions

Bottomonium (®=0)
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Charmonium (®=0)
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In-medium masses of quakonium states

Fitting of the spectral function with the skewed Breit-Wigner form

plwr E)=C

(I'/2)°

20
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Decay widths of quarkonium states

Bottomonium 05 Charmonium

—  JIy(1S) %
—--- y(29) -
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® Two competing effects
p Spreading of wave functions — 1ncrease decay widths
. . '~ [¢*|ImV|¢
p Suppression of |ImV|at large r —— decrease decay widths

R, 4 of excited states are more sensitive to bulk viscous corrections than R, , of ground states
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Binding energies of quarkonium states

Ebin =2mep + V(r - o0) — M
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Area under the bound states peak

Bottomonium

Charmonium

—Y(1S)
-=--Y'(2S)
Y'(3S)
b\\\\«\
\’\\\\\
j“\:. \\“::‘Ns
. .~3. — .\.\."‘:i ........................
020 025 030 035 0.40
T [GeV]

® Bound states peak area decreases as a function of bulk viscous correction

23



Outline

® Introduction
® Heavy quark potential in a bulk viscous medium

® Quarkonium spectral functions
e Quarkonium properties

® Physical observables

® Summary

24



Relative Production yield v’ to J/y ratio

N¢’ _ Rx‘ . Mi/le/tp(O) °
Nijy — RIP M3, by (O)F

G.T. Bodwin, E. Braaten, and G. P. Lepage, PRD 51 (1995)

w) »
wz \/w2 + k2

Where Ry o /dwd3k nB(\/w2 k?) P

pV(w)w* — Z Ao —M,)

M
_ 3 n

Area under the In-medium
bound states peak masses
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w'/J/yratio as a function of ©
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e y/'/J/y ratio is showing complicated dependence on the bulk viscous correction.
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Nuclear modification factor R, 4

Time evolution of the probability of quarkonia in state »

Survival Probability

Initial temperature profile

T()(b, S) — T()(O, O)

d

Epn

S = pn(Tf)

(1) = =T(T(7))pn(7)

Tats) [1- (1 - Zae=2) | L 7y (s—b) |1 - (1 24E)”
- - T (0)

—1 B (1 oT4(0)

A
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Fitting of decay width with the function I = aT + bT?

2
—1.5aTp(b,s) 7 ((Toé,';’s)) —1) 36T (b,s) %70 (TOT(,?’S) 1)
S(b,s) =e

_ [ d?sT4(s)T'a(s — b)S(b,s)

r(b) [d2STA(s)Ta(s — b)

Nuclear modification factor
r(b)
r(b = b*)

\

When N

part =

Raa =
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Nuclear modification factor R, ,

Y(1S) Jiy (1S)
1-0 """""""""""""""""""" P N 1-0 """"""""""""""""""" A
' — P=0 | ' — @=0 |
0.8} ®=0.3 | 0.8l ®=0.3
1 \ $®=0.9 | ‘ \ $=0.9
0.6 .' 0.6f
: I | 3 |
x |3 | & |
04 - 04§
N \
. b |
0.2 — M 02 -—‘
. . &
0-0 L | 0_0 -—1 ) :'\:‘vl\ff‘?’_fy}"\'_’fﬁv‘. Sl . A AN AN ArA 4T N GEN. AN A EA GE am . an A A "r"-l-
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Npart Npart

® R, , of the ground states of quarkonia are not much aftected by bulk viscous correction
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Summary

» Heavy quarkonia properties in a bulk viscous plasma
» R, , of excited states are more sensitive to bulk viscous corrections than R, , of ground states

» Potentially useful for critical point search: R, , as a function of \/E
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Parameters

127 M ~ 3.7T A =176 MeV
(11N, — 2Ny) In (45

c =—0.161 GeV
a=0.513 GeV

o = (0.412 GeV)?
m, = 4.88 GeV

m, = 1.4692 GeV
M, = 3.684 GeV and M, = 3.0969 GeV

p Coupling constant g =

¥7/5(0) = 1.454 GeV? and 1y (0) = 0.927 GeV?
T
1 + exp(2.60 — 111(\/SNN)/0.45)

T(\/sNN) =
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Thickness function with uniform density inside the sphere

T'a(s) =

Time dependence of Temperature

Total number of participating nucleon

Nopart (b) = / d2s {TA(S)

-

3
- 27r’r(?)’

(R —s%)'/?

70

T

T(7,b,s) = Tp(b,s) (—) B

cTs(s —b)

A
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Debye mass
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