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[Lata Thakur

Asia Pacific Center for Theoretical Physics

in collaboration with Yuj1 Hirono [in preparation]

ATHIC2021

Inha University, Incheon, South Korea

H November 7, 2021

Flf N asia pacific center for
@mjg theoretical physics




Introduction

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

© O 016,

Charmonium Bottomonium

® Quarkonium in QGP = as a probe of the quark gluon plasma formed in heavy 10n collision
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Matsui1 and Satz, PLB 178 (1986) 416



Question: heavy quarkonia as a probe of non-eq. QGP?

A

® QGP has many different non-equilibrium properties:

- Dissipative effects \ /

- Shear viscosity

- Bulk viscosity —— C -
- Magnetic field
_ e | AN

e (QCD matter has non-zero bulk viscosity, which affects the evolution of the medium Ryu et. al. PRL 115 132301 (2015)

<

® Do heavy quarkonia work as an alternative probe for non-equilibrium nature of QGP?

Need to know

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



How to incorporate bulk viscous correction

In-medium spectral functions

‘ Burnier et. al., JHEP 01 (2008) 043
In-medium hezvy quark potential Vo edinm(P) = g_l( ) Veornen(P)
Dielectric permittivity £(p) e~!(p) = lgnbpzDOO(P )
| -
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Propagators D(p) D%(p) = E(DR +D,+D;)  ReDY= %(DR +D,)
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How to incorporate bulk viscous correction

Deformed distribution function in the presence of bulk viscous correction

Non-equilibrium

f(k) ~ fld(]:?) = m m2 fld(i{;)(l T fld(%))» corrections

2T\/ k2 from bulk viscosity
m Du, Dumitru, Guo, Strickland, JHEP 01 (2017) 123
0 O+ p+ie
Retarded self energy [Ig(P) = 72 P, PP 1
PR\ 2p " p0 —p+ie

Modified retarded Debye mass

Symmetric self energy [Ig(P) = —2mi 777,% s Z @(p2 _ p(Q)) Dielectric permittivity

~9 9 2
mps = Mpg+ompg

Modified symmetric Debye mass



Debye masses
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® Debye screening increases as a function bulk viscous correction



In-medium heavy quark complex potential

Vin—medium(p ) =K ! (p ) VCornell(p )

T=350 MeV
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e Effect of bulk viscous corrections:
® [arger screening

e Suppression of |ImV|at large r

ImV(r,T,®) [GeV]
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For & =0

For ® # ()

Bottomonium (®=0)
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Quarkonium spectral functions

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

Fitting of the spectral function with the skewed Breit-Wigner form
I'/2)? — E)I'/2
p(sz):C 2(/) 2=25 (WQ )/
(F/2)*+ (w— E) (F/2)* + (w - E)
Lafferty and Rothkopt, PRD 101 (2020) 056010

-+ A1+ Ay (w—E) + 0(6%)
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Decay widths of quarkonium states
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® Two competing effects
e Spreading of wave functions — 1ncrease decay widths
e Suppression of |ImV|at large r —— decrease decay widths = f Y ImV]y

R, 4 of excited states are more sensitive to bulk viscous corrections than R, , of ground states
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y'/J/y ratio
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w'(2S)/w(1S)

w'/J/y ratio as a function of @

0.20 S
' o~ T=170 MeV |
| o~ T=200 MeV |

0.15]

0.10|
L
| . b

0.05!| _
P ]

0.0 02 04 06 08
()

12




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
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Relative Production yield v’ to J/y ratio

Nwl Rx— Mi’le/lb(o) °

Ny RIP M3y (0)

G.T. Bodwin, E. Braaten, and G. P. Lepage, PRD 51 (1995) 1125-1171

V() w? — Z A 8w — M)

M
Where Ryox A, / d°k n M? + k2 =
Area under the In-medium

bound states peak masses

15



Area under the bound states peak
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Charmonium
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Parameters

¢c=—0.161 GeV
a=0.513 GeV
o = (0.412 GeV)?

m, = 4.88 GeV

m, = 1.4692 GeV

A =176 MeV
My = 3.684 GeV and Mj;,, = 3.0969 GeV

7/4(0) = 1.454 GeV? and 1y (0) = 0.927 GeV?
T

T(\/SNN) — 1+ exp(260 — ln(\/SNN)/O45)
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~2 9 2
Mmpr = Mpr+OMp R

22 T ~2 ~ 2
g°T -3 - .y, mP 3 | 3
6 _Nf ((1 | 2 ) fCI(ma /'l') | 2 (1 ol | 1 & ot

L 3mji — 3mIn[(1 + e™TA) (1 + e#~™)] — 3[Lig(—e™ )] + Lig(—e™TH)
fQ(mJ /‘l’) — 2 |:]‘ 71_2 _I_ 3[1’2
’m%,s = m%),s + 57773),5
22 | ~ 9 o0 ~
9 T 6 n+1 ~ ( ~ m ~ )
= Nf——— —1 cosh(un) | Ko(mn) + ®—nKi(mn 3 _
6 f 7T2 n_l( ) (l’l' ) 2( ) 9 1( ) f ( 3 ) (3m2 4 271.2 — 6m ln[em _ 1] _ 6L12(€m))
- — m ) =
32 7 ' ’ m?
+2No— (Kg('ﬁzn) - @—nKl(ﬁzn)) :
2T — 2

Peshier et.al. , PRD 54 (1996) 2399-2402

20



In-medium heavy quark complex pnotential

Real part of the potential

dp , ... _
ReV(r,T,®) = / 2 (€™ — 1) Vcomen(p)Ree ™ (p)
7
- e ™D.RT 20 (e MD.RT _ 1
=—amD,R(~ Il) = ( .~
MpDRT MD,R MpRT

Imaginary part of the potential

d3p ip'r —1

ImV(r) = / 2m) P2 (e’P" = 1)Voormen(p) Ime™" (p)
N 200\
= —aXT ¢2(mp,rT) ~5 X(Mp,RT)
mp R
oo (z) = 2/00dz 2 [ B sin(:vz)] Y
n — 0 (22 e ]_)n Tz A\ mD,S
_ o0 dz ~ sin(zz) - m%},R
x(z) = 2/0 2(22 + 1)2 [1 T2 ]

21

GeV]

d
—

o

=

ImV(r

ReV(r,T,®) [GeV]

T=350 MeV
o5 —
0.0
-0.5
| (—— @=-0.5
-1.0} ®=0
' — ©=0.5 |
. — ¢=0.9 |
I Y - T S S S D -
0.0 . 1.0 1.2
r [fm]
T=350 MeV

0.00,
~0.05|
~0.10}
~0.15}

-0.20|

~0.25/

~0.30/

03B ;
%.0 0.2 0.4 0.6 0.8 1.0 1.2



Quarkonium spectral functions

Schrodinger equation

[I:I F ¢/ ImV (r, T, <I>)\] G~ (t;r,r') = i0,G” (t;r, 1)

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

Where H = 2mg & | U+ 2) FReV (r, T, ®)
mQ mQr
S-wave vector channel spectral function
V - 1~ /
p’ (w)= lim —-G(w;r,r')
r.r’'—0

G(w;r,1’) =/ dte™'G” (t;r,r’)

— 0O
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Binding energies of quarkonium states

Ebin =2mep + V(r - o0) — M
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