Quarkonium transport in weakly
and strongly coupled plasmas

18th International Conference on QCD in Extreme Conditions
July 29, 2022

Bruno Scheihing-Hitschfeld (MIT) I
in collaboration with Xiaojun Yao (MIT) and Govert Nijs (MIT)
based on 2107.03945, 2205.04477, 22XX. XXXXX



M > My > My?

M: heavy quark mass
v: typical relative speed

Quarkonium in medium

color singlet; e

bound state

color octet;
Q: c or b quark unbound state

Q: ¢ or b quark ,



M > My > My?

M: heavy quark mass
v: typical relative speed

Quarkonium in medium

color singlet;
bound state

color octet;
Q: c or b quark unbound state

Q: ¢ or b quark ,



M > My > My?

M: heavy quark mass
v: typical relative speed

Quarkonium in medium

color singlet;
bound state

color octet;
Q: c or b quark unbound state

Q: ¢ or b quark ,



M > My > My?

M: heavy quark mass
v: typical relative speed

Quarkonium in medium

color singlet;
bound state

color octet;
Q: c or b quark unbound state

Q: ¢ or b quark ,



M > My > My?

M: heavy quark mass
v: typical relative speed

Quarkonium in medium

ik

{ At high 7, quarkonium “melts” |
because the medium screens the
~interactions between heavy i
quarks (Matsui & Satz 1986) | e
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— most of quarkonium

i starts to form when My > T color octet:

Q: c or b quark T N S— unbound state
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M: heavy quark mass
v: typical relative speed

["] N. Brambilla, A. Pineda, J. Soto. A. Vairo
§ hep-ph/9907240, hep-ph/0410047

| —> We need to
| understand the above
dynamics in the hierarchy
My >T
—> pNRQCD [*] .
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X. Yao, hep-ph/2102.01736

Open quantum systems
“tracing/integrating out” the QGP

» Given an initial density matrix p, (¢ = 0), quarkonium coupled with the QGP
evolves as

Prot(D) = UD)pioi(t = 0OVU(2).

 We will only be interested in describing the evolution of quarkonium and its
final state abundances

—> ps(t) = Trogp [U (Dpror(t = O)U T(l‘)]-

» Then, one derives an evolution equation for p(f), assuming that at the initial
time we have p,(f = 0) = p(t =0) ® e Hact!l' | F OGP -
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X. Yao, hep-ph/2102.01736

Time scales of quarkonia in the QGP

energy levels, interactions, and thermal environment

* The evolution of (heavy) quarkonia in a medium has three characteristic time
scales:

| |
AE My?
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© The typical energy gaps Tg ~ of quarkonium energy levels

0O . . L . I (MV)2
The interaction rate of quarkonia with the medium 7, ~ H_2 ~ p

Int

1

° The medium correlation time Ty ~ ?
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Zz pNRQCD — Zz light quarks + 7 gluon




Lindblad equations for quarkonia at low 7
quantum optical limit & quantum Brownian motion limit

» After tracing out the QGP degrees of freedom, one gets a Lindblad-type
equation:

op |

o f__ )7t

or (e Pl Zyj (Lijf 0 {LJLJ"”})
J

* This can be done in two different limits within pNRQCD:

Quantum Brownian Motion: Quantum Optical:
Tp > Tg Tp > Tg
Tg > Tg Tp > Tg

relevant for Mv > T > My~ relevant for Mv > Mv>, T > my,



X. Yao, hep-ph/2102.01736

Semiclassical transport of quarkonia

a Wigner transform of the Lindblad equation

We can study semiclassical transport by identifying

/

FaxK, 1) = [ eik’°X<k +—, B

5 ps(1)

k/
-5
2

e a Boltzmann equation in the Quantum Optical limit, or

and from the Lindblad equation derive:

* a Fokker-Planck equation in the Quantum Brownian motion limit.

The QGP input for the collision terms are chromoelectric field correlators.
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X. Yao, hep-ph/2102.01736

Semiclassical transport of quarkonia

a Wigner transform of the Lindblad equation

We can study semiclassical transport by identifying

1o K’ K’
fa(X, K, 1) = [ e'X 'X<k + 5 B | ps(t) | K — 5 93’>

and from the Lindblad equation derive:
e a Boltzmann equation in the Quantum Optical limit, or

* a Fokker-Planck equation in the Quantum Brownlan motlon I|m|t

The QGP input for the collision terms arechromoelectrlc fleld Correlators. :

Our objct of mterest in thls talk



See also: N. Brambilla et al. hep-ph/1612.07248, hep-ph/1711.04515, hep-ph/2205.10289 X. Yao and T. Mehen, hep-ph/2009.02408
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Strongly and weakly coupled aspects

Interactions with the medium and its self-interactions

* So far, our discussion is specific to weak coupling between HQs and the
medium in the sense of pPNRQCD as an open quantum system (Mv > 1).

 The medium can be either weakly or strongly coupled.

 |In what follows:

A. Weakly coupled calculation of the correlators in QCD at NLO relevant for
quarkonium transport [2107.039495]

B. Strongly coupled calculation of the analogous correlation functions in
N = 4 SYM [22XX.XXXXX] (outline and some preliminary results)



T. Binder, K. Mukaida, B. Scheihing-Hitschfeld and X. Yao, hep-ph/2107.03945

A. Weakly coupled calculation in QCD
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| The real-time
 calculation proceeds
' by evaluating these |
| diagrams (+ some |

permutations of
them) on the |
' Schwinger-Keldysh |
?" ~contour |




T. Binder, K. Mukaida, B. Scheihing-Hitschfeld and X. Yao, hep-ph/2107.03945

A. Weakly coupled calculation in QCD

results: transition rates

Dissociation rates Bound—state formation
AR S :
102 N \\\:\\\ I : QCD ] i QCD
; \\\\:\:\\\\\\ : i 102 - i
— \\::\\ \\\\ : : )/? ] ,.:-"'
\\\ N I i |
10t - N AN | §j |
E \Q I \\ I3 o i I
if | \\\ | M | Sij N - >
ot | -=- 1S LO RNN : 5 | ) 1
o Il A N \\ | E -~ —t L
%2 — | \\ N R N\ e -~ '
r. 109+ 1S +NLO o o0 T,
H ! SN N , ’ 7 '
| | A v 10ty .o o |
+ === 25 LO : \:\\ ;// /// : :
I : Ly i e | l
Il : : \ i 7 | |
S 2S5 +NLO i i ' R :H |
107 4 : | 2l A
| --- 2P LO = : =
| — 2P +NLO | = : N.=3 o
10—2 S | | | | IIIIIJ l! | | | | | | | | 100 | | I |I |||||l| | | I I I | | | [ W
10 102 103 10 102 103 104 10°
_ )
FO = a5m)(/2 X:mX/T . X:mX/T (GV)O = T /m)(



What about explicit formulas?



T. Binder, K. Mukaida, B. Scheihing-Hitschfeld and X. Yao, hep-ph/2107.03945

The spectral function at NLO

It Is simplest to write the integrated spectral function:

d°p

(27m)

| da
0z (Po) == J 5“0lpg i+ (P P)

We found
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The spectral function at NLO

and a comparison with its heavy quark counterpart

It Is simplest to write the integrated spectral function:

1 ( d’p da
++ — ads [ ,++
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We found
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and the heavy quark counterpart is, with the same 7-dependent function F(p,/T),

Y. Burnier, M. Laine, J. Langelage and L. Mether, hep-ph/1006.0867
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The spectral function at NLO

and a comparison with its heavy quark counterpart

It Is simplest to write the integrated spectral function:
d3

++ I P .. +4]4a
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Heavy quark and quarkonia correlators

a small, yet consequential difference

The heavy quark diffusion coefficient can be defined from the real-time
CorrelatOr A. M. Eller, J. Ghiglieri and G. D. Moore, hep-ph/1903.08064

(Tretor [U=00. DEOUGOEO)UO. = 0)] )

whereas for quarkonia the relevant quantity is 7 <Ef(t)%“b (t,O)Eib (())>T.
What we just found is simply stating that:

I p <E14(t)W“b(t,O)Eib(O)>T a <Tr00101” [U(_OO’ HEOUEGOEO)UQ, - OO)] >T

For more evidence of the difference, see also M. Eidemuller and M. Jamin, hep-ph/9709419
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B. Scheihing-Hitschfeld and X. Yao, hep-ph/2205.04477

An axial gauge puzzle

an apparent (but not actual) inconsistency

* This finding presents a puzzle:

O Let’s say we were able to set set axial gauge Ay = 0.

o Then, the two correlation functions would look the same:

Ty (ESOE0)) = <Trcolor E(DE(0)] >T.
o |f true, this would imply that one of the calculations is not gauge invariant.

» Alternatively, something must prevent us from setting A, = 0.

13



What makes them different?

14

B. Scheihing-Hitschfeld and X. Yao, hep-ph/2205.04477



B. Scheihing-Hitschfeld and X. Yao, hep-ph/2205.04477

The difference In terms of diagrams

operator ordering is crucial!

Perturbatively, one
can Isolate the
difference between

%% > : the correlators to
o) i these diagrams.
® " | |
: ® The difference is due g T
: — : to different operator
: ‘.‘ 00 Py p orderings (different 5 A :
i= & possible gluon ; ;
A insertions). 5 5 5
&
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B. Scheihing-Hitschfeld and X. Yao, hep-ph/2205.04477

Gauge independence of the difference

explicit gauge interpolation

 We performed an explicit calculation of the difference between the correlators

in vacuum, with a gauge condition G,,[A] = IA(‘)Z(X) + 0"A ().

» One finds that the difference is independent of A, and equal to the Feynman
gauge result.

» The axial gauge limit A — 0 is singular only if it is taken at the beginning of
the calculation.

— The QO and Q correlators are different, gauge invariant quantities.

16



[**] J. Maldacena, hep-th/9711200

B. Strongly coupled calculation in ./ = 4 SYM

setup

* The holographic duality provides a way to formulate the calculation of analogous
correlators in strongly coupled theories. [**]

o Wilson loops can be evaluated by solving classical equations of motion:

(W[ = 0Z]), = ePNal=l

D-brane

3 J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal
and U. A. Wiedemann, hep-ph/1101.0618
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B. Strongly coupled calculation in ./ = 4 SYM

setup

* The holographic duality provides a way to formulate the calculation of analogous
correlators in strongly coupled theories. [**]

o Wilson loops can be evaluated by solving classical equations of motion:
(W[ = 0Z]), = ePNal=l

o Field strength insertions along the loop can be generated by taking variations of
the path 6

0
oft(s,) of¥(s1)

W€/ ] = (ig)zTrcolorlU 15,1 E YDV () Upg s E (D)7 (s DU, 0]]
=0
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["**] J. Casalderrey-Solana and D. Teaney, hep-ph/0605199 G. Nijs, B. Scheihing-Hitschfeld and X. Yao, hep-ph/22XX.XXXXX

B. Strongly coupled calculation in ./ = 4 SYM

the extremal worldsheets for HQ [***] and quarkonia

! Heavy quark:

Quarkonia:

time-ordered branch
of SK contour

time-ordered branch
of SK contour

|
/
/
/

/
/

|
[

AdS/ ~G™a
Schwarzschild
black hole

L

\

anti time-ordered
branch of SK contour

18



["**] J. Casalderrey-Solana and D. Teaney, hep-ph/0605199 G. Nijs, B. Scheihing-Hitschfeld and X. Yao, hep-ph/22XX.XXXXX

B. Strongly coupled calculation in ./ = 4 SYM

the extremal worldsheets for HQ [***] and quarkonia
[

Heavy quark: Quarkonia:

time-ordered branch

time-ordered branch
of SK contour of SK contour
AdS/ S
Schwarzschild
black hole T
— AT o” ok
- i X E E
p— ' E E
L anti time-ordered ¥ L
branch of SK contour ¥ A
. OF e)s



["**] J. Casalderrey-Solana and D. Teaney, hep-ph/0605199 G. Nijs, B. Scheihing-Hitschfeld and X. Yao, hep-ph/22XX.XXXXX

B. Strongly coupled calculation in ./ = 4 SYM

the extremal worldsheets for HQ [***] and quarkonia

! Heavy quark:

Quarkonia:

time-ordered branch
of SK contour

time-ordered branch
of SK contour

— | [
AdS/
Schwarzschild
black hole

\
\\\\\\

anti time-ordered
branch of SK contour

5 . :
. | E ...OF



["**] J. Casalderrey-Solana and D. Teaney, hep-ph/0605199 G. Nijs, B. Scheihing-Hitschfeld and X. Yao, hep-ph/22XX.XXXXX

B. Strongly coupled calculation in ./ = 4 SYM

the extremal worldsheets for HQ [***] and quarkonia

! Heavy quark:

Quarkonia:

time-ordered branch
of SK contour

time-ordered branch
of SK contour

|
|
|
A7'/
/
|
/
/
/
/
]

|
//
// //
FF
/
[
|
l/ //
[ ]
| :/ //

N T T
Schwarzschild ‘ |
ek hole e Electric field correlators are identified as the
1 response functions at the green circles
-~ i generated by a perturbation at the blue circles. . ok

~_ it The problem is one of wave propagation on a
5 curved background. '

o ,’ .....OF



["**] J. Casalderrey-Solana and D. Teaney, hep-ph/0605199 G. Nijs, B. Scheihing-Hitschfeld and X. Yao, hep-ph/22XX.XXXXX

B. Strongly coupled calculation in ./ = 4 SYM

Penrose diagrams

Heavy quark: Quarkonia:

. Region covered by the world sheet
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How the calculation proceeds

what equations do we need to solve?

* The classical, unperturbed equations of motion from the Nambu-Goto action to

determine 2.:
|
drdoy | — det( 9 X"d X) |
Zﬂa’J SuCa™ Op

* The classical, linearized equation of motion with perturbations in order to be able to
calculate derivatives of (W[E ()1 = eOnalyl,

5”Sngl 2]
of (t;)of (1)

ING =

SxalZ) = Suol2] + | dnds Rt + OCF) .

=0

* |n practice, the equations are only numerically stable in Euclidean signature, so we

have to solve them and analytically continue back.
20




G. Nijs, B. Scheihing-Hitschfeld and X. Yao, hep-ph/22XX.XXXXX

Extracting the EE correlator for quarkonia

the pipeline J.P. Boyd, “Chebyshev and Fourier Spectral Methods,” Dover books on Mathematics (2001)

1) Solve for the background worldsheet solution: 2) Solve for the fluctuations with a source as a 3) Extrapolate in the limit L — O:
boundary condition:

N

0.10

0.05

| Y R S S R S S S I S S S S S S S
| | |
o P
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Summary and conclusions

e \WWe have discussed how to calculate the chromoelectric correlators of the
QGP that govern quarkonium transport

A. at weak coupling in QCD

B. at strong coupling in /' = 4 SYM
 We also discussed important aspects of operator ordering in QGP correlators.

 Heavy quarks, both single or in pairs, are rich probes of the QGP and give
Independent constraints on the underlying physics.

o More specifically, they probe different correlation functions of the QGP

o Stay tuned for new results!
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QGP that govern quarkonium transport

A. at weak coupling in QCD
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 Heavy quarks, both single or in pairs, are rich probes of the QGP and give
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Extra slides



T. Binder, K. Mukaida, B. Scheihing-Hitschfeld and X. Yao, hep-ph/2107.03945

The spectral function of quarkonia

symmetries and KMS relations

The KMS conjugates of the previous correlators are such that
0 __ 0 __
87 1(q) = e 15(a) . (857 15(q) = e g7 15(9)
and one can show that they are related by
(82 15(q) = (8 15(=q), (8 15(q) = g 15(=q) .
++/ >

The spectral functions [p7 ™™ "1.:(q) = (g7 =] (@) — gz
necessarily odd under g <> — g. However, they do satisfy:

(g) are not

++/——]§
Ji

[PEJF]]-,'(Q) == lpg li(=9q) .

X



Appendix: derivation of field
strength correlators from Wilson
loop variations




Consider a Wilson loop:

WI[€] =



Deform it slightly around two points along the path:

f/’t(Sl) _________
I- e ~
) TNl
’ .
' R
' .
' \‘ ’
: \‘V'M(S) +1H(s)
; '
: ’
] ,"
W[%f] — ': ',"
: t"—‘
I ’
' '
| |
| |
| ]
1 '
' '
'Y '
Y '
. ’
‘S \‘
<ot [Ys)

~
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Take derivatives: € !

N yH(s) ()

1
1
|

’

0 0 0 0

WI€ —
5f1(s5) 5f¥(sy) ey W) )




Take derivatives: € !

O
S A .
I’ ~~~5
! ‘\‘ yH(s) +17(s)
5 5 5 |
W[%f] — ' '¢'
oft(s2) of*(s1) =0 oft(sy) of*(sy) | ST

=> The result Is: |
; — (ig)zTrcolor[U[l sl Eup( (7 () U s 1 L6(r(s))7 (s U 0]]
| Gauge invariant field strength correlators! |
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