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Outline

© Appetizer: link to heavy-ion phenomenology

@ Motivation

© Main course: modern perspective on “Heavy quarkonium at T > 0”
o Historical perspective on “Heavy quarkonia at 7 > 0”
o In-medium quarkonium at weak coupling
o Lattice QCD
o Relativistic bottomonium on the lattice
o Nonrelativistic bottomonium on the lattice

@ In-medium static quarkonium

© Dessert: bringing “Heavy quarkonium at 7 > 0” full circle
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Introduction
o

Why focus on hard probes in heavy-ion collisions?
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source: Rothkopf, Phys.Rept. 858 (2020) 1-117

o Hard probes are produced in a few hard processes in initial collision,
neither created nor destroyed afterwards, but can alter their nature

o Most important probes: jets, open heavy flavor & heavy quarkonia

o What happens to quarkonium if we increase the temperature?
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Heavy quarkonium at T > 0

@0

Heavy quarkonia in the hot medium as a local thermometer

o Idea to look at quarkonia in the
QGP is old and famous
Matsui, Satz, PLB 178 (1986)
e Debye screening length !/my of
electric gluons (Ap) limits the
radii of hadronic bound states

o Consequence: QGP formation <
quarkonia suppression
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source: USQCD whitepaper 2018, EPJ A 55 (2019)

e But what is the correct in-medium potential for quarkonia?

o Two maximally different scenarios for the in-medium potential predict
vastly different melting points for all quarkonia. . .:

@ Weak-binding

@ Strong-binding scenario: Remnant of confinement as V ~ U= F + TS

scenario: Debye-screened potential goes flat as V ~ F

~

T(Y(1S)) ~2Tpe, T(Hw) ~  Tpe

T(Y(1S)) ~ 3 Tpe, T(/#) ~32Tpe J
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Heavy quarkonium at T > 0
oce

Screening from Polyakov loop correlators

e Color screening usually studied o| P e _
via Polyakov loop correlator B
Co(r, T) = (P(O)PT(r)) ;™ = &= 7/ B
]
e T <K 1: /octet decomposition 2pd
1600 —e—
Cp(r, T) = + 8/oe =TT 3 N
s “et
e At rT < 0.4 via T =0 potentials and af ]
adjoint Polyakov loop: no screening! [ riim]
_ 80— "/T 3 001 002 003 006 01 02 03 06
K CP(r’ T) + LA(T) /ge + O(as) source: Brambilla, et al., PRD 98 (2018) /

@ rmp 2 1: screening regime; decompose
Cp(r, T) = + C/(r. T)

- C

C(r,T) = (Im P(0)Im P(r))ie™ odd

o Asymptotically Cg (r, T) ~ e ™" /i1
o EQCD: mg ~ 2mp, m; ~ 3mp (A, exchange)
m;

LQCD: . Z 8, Mo~175

= Ymp X 2/mp = 3/m = {0.38 — 0.44}/T
rrisy & 0.21fm survives until T ~ 380 MeV

0.1 015 0.2 03 0405 07 10 15 20 30 40 6.0
= Petreczky, et al., PoS(LATTICE2021) 471 i

~ 0.43 fm survives until T ~ 190 MeV
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Heavy quarkonium at T > 0
L]

Screening is not the whole story. . . (at weak coupling)

Matsui & Satz’s idea of the quarkonium suppression mechanism was
turned inside out by weak-coupling EFT results emerging 15 years ago

Qo
NR hierarchy: mass " Thermal hierarchy:
NRQCD
inverse size 1y 5 mp NRQCDpn
PNRQCD r "p
PNRQCDy;,
binding energy V ~mu?
~
4 e For 1/~ mp < T: and Im [V,] ~ O(g%T)
oo
d .
Vo(T,r) = —cms{ + iT(/)(rmD)} L (x) = 2/ (22121)2 {1 - S'”Z(XZX)}
Laine, et al., JHEP 03 (2007) 7
o For AV < 1y < mp < T: and Im[V] ~ O(g*r2T3,g°T)
6
23 q 4+ &
Vo(T,r) = +rT{ +1(’)<g7w)}
Brambilla, et al., PRD 78 (2008)
But an imaginary part leads to dissociation — is screening even relevant?

\C
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Heavy quarkonium at T > 0
@00

QCD on a lattice

SqcolU, ¥, 9] = a Zzw lZ)[U ]+mf) W (%)
— 3 Z Z g—ch tr {1 —Upw(x) + O(az)}

x p<v

Up ()0 (x + aft) — UL (x — ap)e' (x — ap)

DU (1 () = i + o)
U, (x) = expliagoA, (x)] gauge link
Y Upw(x) = Up(x)Up(x + aﬁ,)U:E (x+ aﬂ)Ul(x) plaquette )

1 T
gluon quark
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Heavy quarkonium at T >
(o] o}

Lattice QCD simulations in a box on a computer

-

N

Stochastically sample the (Euclidean) QCD path integral

N N¢
©)qop = 377 2 Ol [ aer @101+ my e (~s1u) + 0 (=)

{U} =1
using MCMC algorithm with importance sampling

4 QCD on a lattice with spacing a in a box of N2 x N. points

scale setting: lattice spacing a is determined a posteriori

time (Euclidean): periodic for gluons, antiperiodic for quarks

space: periodic for gluons and quarks
always at finite temperature and in finite volume

aN; =1/T (volumes only must be large enough)
quark masses: light quarks at the physical point are expensive

quark flavors: usually Nf =2+10r N =2+1+1, 0or Nr =0
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Heavy quarkonium at T > 0
ooe

Real-time dynamics from Lattice QCD

\

o Importance sampling requires an imaginary-time formalism

= Dissociation due to real-time dynamics not directly accessible )

~

e Spectral functions encode the entire dynamics

Stable bound states = Delta functions

Unstable quasiparticles = regularized peaks, locally Breit-Wigner
On top of a UV continuum due to scattering or merged excited states
At T > 0 potentially a substantial IR tail below the “ground state”

e Same spectral functions yield real- or imaginary-time
correlators via different, analytically known integral kernels

M .
Gr (j) = / dw (ZE((I::}J;':D pr(w)

= Strategy for lattice QCD:
@ Compute imaginary-time correlators on the lattice
@ Reconstruct spectral functions by inverting spectral representation
© Directly read off some state’s properties from pr(w)

L ° Spectral reconstruction is challenging: at best n, resp. v data )
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Heavy quarkonium at T > 0
L]

At which T are there either bound states or melted gg pairs?

o Euclidean Correlators are towers of 2
exponential decays G(7) =Y, Aie” &7 11
11
For mesons: same Ej in temporal or spatial directions
F 105
q = q =
@ Spatial qg pair correlators are a & NP
model-independent analysis tool oest 7 Nt -
charm sector = Bazavov, et al., PRD 91 (2015) 0ol o
T oss NLO —
— 2 Il 77300 400 500 600 700 800 900 1000
G(z, T)f/ dT/d xu {T(r,21,2)77(0)) W
550
2dw s} |
“p(w, pzy T) _ 450} [
3
e &0 } N=12 o
. 25
with spectral functlon p(w, pz, T) = Nottis
g5 300 -
i +
250 81 .,
200 Poatp g
~ 3 150
§ [w - Z mg’_ + [ T]2] free quarks 300 400 500 600 700 800 900 1000
- T [Mev]

source: Petreczky, et al, PRD 104 (2021)
o Survival of 7, & 7(1S) until T ~ 400 MeV; cf. 7. & J/w until T ~ 200 MeV

o Survival of x4 & h, until T ~ 350 MeV; cf. xco & xa until T ~ T,

o How can we understand the melting mechanism at work?
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Heavy quarkonium at T > 0
L Je]

Nonrelativistic bottomonium with extended sources (HotQCD)

-

o Lattice NRQCD: no continuum limit
= upper limit on T for fixed N,

o NRQCD correlator study on T =0 or
N, = 12 lattices: extended sources

o

Larsen, et al., ...

Point source vs Gaussian smearing,
new scheme for removing UV part:
thermal width, small mass shift
PRD 100 (2019)
Cornell pot. eigenstates - GEVP
= lattice NBS amplitudes
Recover potential from NBS amp.

—A
(— + V(r)) $a = Eaga
mp

PLB 800 (2020) + PRD 102 (2020)
Small 7: NBS amplitudes at T =0
and T > 0 almost T-independent
Large 7: 3S NBS amp. at T >0
visibly modified < thermal width

T =0, a=0.06fm: NRQCD vs static qg

V(1) [GeV]

Cornell model —

Wiloops, a:

=0.06 fm B
Y(1S)

 {fm]

source: Larsen, et al., PRD 102, (2020)
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Heavy quarkonium at T > 0
o] ]

Machine learning the potential from NRQCD amplitudes

Is there room for another interpretation? Let an algorithm figure it out. ..

/I\'lachinc learning (DNN) applied to lattice NBS amp.: T > 0 potential

Shi, et al., arXiv:2105.07862
20ET J TS [ Lattice NBS amplitudes 800 Ty I I {,
o PG BR fed into DNN = can re- soof P B ns L
~100- L;
100 - g i construct a nonpertur- 1
. . 400 -
. m bative potential VML = + =
o = 200 = i
g”“’“’i m— -l Clearly smaller thermal ” ;ﬁ@ — =
g ﬁzj“?"u;- P B mass shift and larger E “*T'J}'”} """ [ [
Eﬂ‘ou, ) ) i L 02 width than in Hard ok . %7
5 o B Thermal Loop (HTL) ]
“aof < perturbation theory oo Y 3
oo E
o [ L S (Re (VHTL) ~ Fs): RS- g
R Fet
o | | o L o3 Re [VNIL] ~ VS(T = 0) 0*7\ 777777 Lo N Mo
150 200 250 300 T [VI\/[L] > Im [VSHTL] 150 200 250 300
K T (MeV) T (MeV) /




Heavy quarkonium at T > 0
®00000

Static gg pair at T > 0 on the lattice

a~ 0.04fm, r/a =6, Ny = 64, 16, 12, 10
0.05

T=0 » _ . . . .
0 f % o e e ° Stath qq interaction is encoded in
ooy TREeL i TEIRIEY = (real-time) Wilson loops?®
0.1 2 ] + 5
P i M

= N . 1g¢ dzH Ay,
E 0.15 s . } VV[r.T](t) = <e Jrxt > .
SR o QCD,T
E . . g g

025 L. e Stable exists if

03 S

Q[r.T] = —i lim ()tW[,,T](t)
04 0 0 0 0
0 01 02 03 04 05 06 07 ?We use Wilson line correlators in Coulomb gauge.

< [fm]

source: Bala, et al., arXiv:2110.11659

4 I

e Same spectral functions yield real- or imaginary-time correlators

t e+iwt
Wi, (7—) = /dw (efun') P, 1 (w)

o Motivates generic decomposition
prr,m(w) = + i (w) +

° is far above

=

\ Note: “tail” due to backward propagating UV physics (vacuum excited states) at 7 < 1/7.
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Heavy quarkonium at T > 0
O®@0000

Cumulants of spectral functions — what can we expect?

@ Access cumulants of p, rj(w)e™“" via 7 (log) derivatives of W, (r)
mle(r) =~ W, (7)) [= m ()],
(r) = —aTer;TI](T), n>1

e For N, < 16 obtain up to mg"T](T)i supports < 5 parameters for p, 7j(w)

e Higher cumulants at small 7 need at least N, > 16: bad signal-to-noise

Fully vacuum-subtracted result

F=23oMev, 7 Zii__mesmea]  Feasibility study with N = 32: mt T s 27?

ous P18 ':%. —— Lt e o Fine lattices: a ! ~7GeV my ~ 0.3GeV
€ s e o UV filtering (HYP) for noise reduction
i g

ot (P — distortions cancel in vacuum subtraction
RELIMINARY

o Definitely still work in progress

see: Hoying, et al., arXiv:2110.00565 [hep-lat]
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Heavy quarkonium at T > 0
00e000

Lowest spectral feature from fits using Gaussian approximation

Ny =12, T = 408 MeV, 7/a =9
O nee ° are represented
T &8 O
35 =2, o Ansatz:
S‘ .
® 34 2 locally as ,
% ~ Raw Result . . v i
533 2 include delta function for p'*i(w)
30/ - Subtracted .
- .
31 - T=0 W, () =
3.0 ‘ ‘ ‘ h apl —wtail - cail
0.0 0.1 0.2 0.3 0.4 ai Ir.7] ai
a[fm] +Arme R
N, =12, S correlators
15 25
1 TR R
it
15 q
s %
K 151 MeV —v— £ it é |
= 173 MeV —=— = 1 151 MV,
= 193 MeV & * % 173 MoV =
= 251 MeV b 193 MeV.
C] 273 MeV 05 ? ? 251 MeV.
334 MeV —v— | Ziahey
411 MeV —o— ol # Y 411 MoV
470 MeV —e— T 4?‘) Mey g
2 ey R
- 0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 GGrT 0.8 1 12 1.4
r [fm] source: Bala, et al., arXiv:2110.11659
o Almost no T dependence in (naive correspondence: Re Vi(r, T))
e Naively expected scaling of down to T ~ T,
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Heavy quarkonium at T > 0
000@00

Comparison: lattice QCD vs HTL

HTL spectral function for T = 667 MeV o HTL is an attractive proposition:
10 m=1/8 ——
10 ' T=1/4 —— . . .
, T2 e HTL result is antisymmetric
‘\ =1 around the midpoint = = 1/27:
[ 0.1
3 / log W, 1y(7) = — X T
a 0.
01 / o
0.001 i dfw o7 4 e,u(u/T,T)}
0.0001 2w
J—oo
1e-05
o 1 2 3 4 5 6 7 X {1+ ng(w)} o, 1y(w)
oGVl ’
NLO, 2-loc 2nT), A_f_7 = 332 MeV i 3 3
[ oo BB Ao - : = o Leading singularity of oy, r(w)
K source: Bala, et al., arXiv:2110.11659 (transv. - fun.) ﬁXCS Im Vs(r, T)
Np =12, 7/a =12, correlator o HTL should work at r ~ 1/m,
T=667 MeV, rT=1
U i o Subtleties due to renormalons
0.2 —. at. —— .
and regulators: consider (m — Fs)/r
0
5 o2 Reminder: in HTL
[ . L
E 04 . e No large UV component in HTL,
o8 . compare
-0.8
4 : ° at midpoint lower than HTL,
01 02 03 04 05 06 07 08 09 . .
T and m, is much more negative

source: Bala, et al., arXiv:2110.11659
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Heavy quarkonium at T
0000

Lowest spectral feature from fits using HTL-motivated Ansatz

Ny =12, T =408 MeV, r/a =9

0.15 . . .
e o Fit via HTL-motivated Ansatz
01 T-408MeV  (7_3/4
- =1 —— Bala, Datta, PRD 101 (2020)
T -BD
= ~g——r—= T
£ X e B0 — i log sin(77 T)
& 005 p=7.825 VV[,,T](T) — A[r.T]e
E o4 Ne=12 - guptracted correlator
: AN
015 o Note: similar result via Gaussian
s 4 s 6 7 8 s w0 around midpoint 7 =151
t/a
N, =12, F[‘E;DT], (un-) correlators
NS e
=27 —a—
‘ i 4 E: i |
408 MV — o
05 I o 3 1 12562 MoV
I~ »s S b CRN-IE, 25 [eezhey
S 0 g odnesTenEE s L 2 - +
& f;:aﬁbaggassﬂ\:ﬁasn: a 2 @
E o K;‘H T=151 MeV & 1.5 : : gl
= 151 MeV —e— J .
& g T-199 MeV —a— 44,
5] e T=273 MeV —e— 1 . i 3
P la T-334 MeV 3 FEr o gas
T=408 MeV —e— 05 i1 gilas
2 T=562 MeV 0 i1 EL
25 1667 Mo\ 0 02 04 06 08 1 12 14
0 01 02 03 04 05 06 07 08 09 1 T
rfm] source: Bala, et al., arXiv:2110.11659
@ Significant T dependence in (naive correspondence: Re Vi(r, T))

o Weaker than naive scaling of
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Heavy quarkonium at T >
00000e

Comparison: lowest spectral feature from four different methods

x L
] 1 ity
1T 1 1simev e 15[ 7-100mev xx% 7= 408V o
] os| 1
1 ¥ 1 1
s s AA s ot 1
g os n¥ 1 %o 3
g ~ T = 0 Potential =+ g o & osh 4
8 Singlet Free Energy ] 0 | = 0 Potential —— a =0 Potential ——
Pade =%~ R Singlet Free Energy At Singlet Free Energy
Gaussian Fit =B L Pade %~ Pade %~
05 HTL Inspired Fit —A— DBp Y Gaussian Fit :E 15 @ Gaussian Fit 8
BR ~8— ] HTL Inspired Fit HTL Inspired Fit
E 1 2
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0 01 02 03 04 05 06 07 08 09
im] im] im]
3 3 14
Pade Pade Pade =~ ob
25 Gaussian Fit =5 25 Gaussian Fit =G 12 Gaussian Fit 54
HTL Inspired Fit —A— HTL Inspired Fit A HTL Inspired Fit ==~ o
BR =©— 1 [i1]
2 2 A
o8 | T=408Mev m A
£ 1s £ 1s £ m N
T=151Mev T=199MeV x X 06 -] A
1 i b al m x 5] A x X,
@3 X 04 x X
o] X = A X
05 g 0s 2 oA X 02 B A 4%
Llanl o LBx XX NI
o 02 04 06 08 1 0 02 04 06 08 1 12 14 0o 01 02 03 04 05
im) qim)

iim)
source: Bala, et al., arXiv:2110.11659 _/

o Applied two further, independent methods (Padé rational
approximation, Bayesian reconstruction) not discussed in detail

o T ~ 150 MeV conclusive: £, 11~ Fs(r, T) =~ Vi(r) for r < 0.8fm

o T < 250MeV: all three methods yield §2, 71 > Fs(r, T)

e T =~ 400 MeV inconclusive: Q[rf%] ~ Fs(r, T) vs Q[(f T~ Q[F;_’ 7~ Vs(r)
o All methods find for all T nontrivial I, 1) that increases with r or T
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Summary
o

Heavy quarkonium at finite temperature

e Spatial correlation functions using relativistic heavy quarks
e Model-independent study of quarkonia melting/survival in LQCD
e np or T(1S) until T = 400 MeV; x40 Or h, until T = 350 MeV
@ 7. or Jjw until T = 200 MeV; xco Or X until T = 150 MeV
o Polyakov correlators (melting in static picture — screening length)
e 7, or T(1S) until T ~ 380 MeV
e 7. or J/w until T ~ 190 MeV
o Nonrelativistic bottomonia in lattice NRQCD
o Extended sources or BS wave functions boost resolving power of LQCD
o Indicate finite thermal widths, but no significant thermal mass shifts
e Static quarkonia (gg pair)
o Lowest spectral feature {£2; O(T)} + tail + UV continuum
o Model-independent cumulant analysis — robust evidence for significant
thermal width being important for quarkonia melting
e Consistent with minor (Gaussian fit, Padé) or major (HTL-inspired fit)
medium effects in real part — N, < 16 has insufficient resolution

e So far, no conclusive statement about weak vs strong binding.

e Lattice + EFT are in good shape to deliver more robust and more
realistic results needed for HIC phenomenology in the near future.

17 /17



Thank you for your attention!
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