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Physics Motivation

Theory%goal:%1st principles%insight%into%in<medium%QQ%in%heavy<ion%collisions

From%run1%and%ongoing%run2%at%LHC:%unprecedented%amount%of%precision%data

Bound states of cc or bb:       Heavy quarkonium MQ>>Tmed

partN
0 50 100 150 200 250 300 350 400

ψ
 J

/

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4
=2.76 TeVNNsALICE (|y|<0.9, 26% syst.),   

=0.2 TeVNNsPHENIX (|y|<0.35, 12% syst.),   

mid-rapidity A
LI

C
E,

 P
R

L 
10

9,
 0

72
30

1 
(2

01
2)

ad
ap

te
d

fr
om

A
nd

ro
ni

c, 
et

. a
l.

N
uc

l.P
hy

s. 
A

90
4 

(2
01

3)
 5

35
c

]2) [GeV/c-µ+µMass(
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.1
 G

eV
/c

0

200

400

600

800

1000

1200  = 2.76 TeVNNsCMS PbPb  
Cent. 0-100%, |y| < 2.4

-1bµ = 150 intL
 > 4 GeV/cµ

T
p

data
total PbPb fit
background
pp shape

 scaled)
AA

(R

C
M

S,
 P

R
L 

10
9 

22
23

01
 (2

01
2)

 bb

J/ψ

partN
0 50 100 150 200 250 300 350 400

ψ
 J

/

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4
=2.76 TeVNNsALICE (|y|<0.9, 26% syst.),   

=0.2 TeVNNsPHENIX (|y|<0.35, 12% syst.),   

mid-rapidity

partN
0 50 100 150 200 250 300 350 400

ψ
 J

/

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4
=2.76 TeVNNsALICE (|y|<0.9, 26% syst.),   

=0.2 TeVNNsPHENIX (|y|<0.35, 12% syst.),   

mid-rapidity
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3.5 Quarkonia and Open Heavy Flavor
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Figure 14: The transverse momentum dependent elliptic flow measurements of J/ ś from
STAR [216], ALICE [217], and CMS [218] compared with the theoretical calculations [219].

Bottomonium production is believed to have several advantages over charmonia as a probe of
deconfinement in the QGP. First, the ⌥(1S), ⌥(2S) and ⌥(3S) states can all be observed with
comparable yields via their dilepton decays. Second, bottom production in central collisions is ⇠
0.05 pairs at RHIC and ⇠ 5 pairs at LHC [204]. At RHIC, one expects this to e↵ectively remove
any contributions from coalescence of bottom and anti-bottom quarks (although some care has to
be taken, since the ratio of bottomonium over open bottom states in pp collisions is ⇠0.1% and
thus a factor of 10 smaller than in the charm sector; thus, even small regeneration, even from a
single pair in the reaction, can potentially be significant). This makes the ⌥ suppression at RHIC
dependent primarily on color screening and dissociation reactions, as well as cold nuclear matter
e↵ects. Recent theoretical calculations [193] support the assertion that the coalescence production
for ⌥’s is small at RHIC. At LHC energies, bottom coalescence could become comparable with
charm coalesence at RHIC, i.e. at the 10’s of percent level. Since the ⌥(1S), ⌥(2S) and ⌥(3S)
have a broad range of radii, precise measurements of bottomonia modifications at RHIC and LHC
energies will provide information over a large range of binding energies at two widely di↵erent
initial temperatures, for a case where the modification is dominated by Debye screening e↵ects.

The CMS experiment at the LHC has mass resolution that is su�cient to cleanly separate all
three of the ⌥ states at midrapidity using dimuon decays [220]. The data obtained in Pb+Pb

36
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3S1
cc

lattice NRQCD
spectrum

S.*Kim,*P.*Petreczky,* A.R.*in*progress

1I.  Direct reconstruction
of lattice meson spectra
(limited resolution due to finite Nt)
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1. QQ potential fromWilson 
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A two-pronged approach to cc

Assume full kinetic
themalization of cc

&
Static medium from

Lattice QCD

T≈0(β=6.9) T≈0(β=7.48) T=0.86TC

T=0.95TC T=1.06TC T=1.19TC

T=1.34TC T=1.41TC T=1.66TC
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Reconstructing spectral functions
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β=7.280D(⌧) =

Z1

-2MQ

d!e-⌧!⇢(!)

1. Nω parameters ρl >> Nτ datapoints

2. Simulation data Di has finite precision

Di =
N!X

l=1

exp[-!l⌧i] ⇢l �!l

Inversion%of%Laplace%transform%required% to%obtain%spectra:%Inherently% Ill<defined

Give%meaning%to%problem%by%incorporating%prior%knowledge:%Bayesian%approach
Bayes%theorem:%Regularize%the%naïve%χ2 functional%P[D|ρ]%through%a%prior%P[ρ|I]

P[⇢|D, I] / P[D|⇢] P[⇢|I]
Asakawa,%Hatsuda,%Nakahara,%

Prog.Part.Nucl.Phys.%46%(2001)%459

P[⇢|I] / eS S = ↵

N!X

l=1

�!l

⇣
1-

⇢l

ml
+ log

h
⇢l

ml

i⌘
Y.Burnier, A.R.

PRL 111 (2013) 18, 182003 

Methods%progress:%Novel%Bayesian%reconstruction% improves%on%Maximum%Entropy%Method

J/ψcorrelator at T≈0
for different lattice spacings

J/ψ spectrum at T≈0 for
different lattice spacings

IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Part I

Static QQ potential
from Wilson loop spectral functions
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Defining the T>0 QQ potential

Effective%field%theory

Relativistic%thermal
field%theory

Quantum%
mechanics
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t

x,y,z
Q Q

R

pNRQCD
Singlet/Octet

Brambilla,-Ghiglieri,- Vairo
and Petreczky-PRD-78-(2008)-014017

 S(R, t), O(R, t)

i@t S =
⇣
VQCD(R) +O(m-1

Q )
⌘
 S

NRQCD
Pauli-fields
�

†(x),�(x)

⇠

†(x), ⇠(x)

⇤QCD

mQ
⌧ 1,

T

mQ
⌧ 1,

p
mQ

⌧ 1

Matching%between%QCD%and%pNRQCD in%the%static%limit

i@th QQ̄(R, t) ⇤
QQ̄(R, 0)i = VQCD(R)h QQ̄(R, t) ⇤

QQ̄(R, 0)i, VQCD(R) = lim
t!1

i@tW⇤(R, t)
W⇤(R, t)

��

No%more%need%for%model%potentials,% such%as%free/internal%energies%used%previously
models started with.S..Nadkarni,.Phys..Rev..D.34,.3904.(1986)

Beware:%real<time%wilson loop%not%directly%accessible%in%lattice%QCD%simulations
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Extracting the real-time VQQ

W⇤(R, t) =
Z1

-1
d! e-i!t ⇢⇤(R,!) W⇤(R, ⌧) =

Z1

-1
d! e-!⌧ ⇢⇤(R,!)

Phenomenology:%analytic%parametrization%available%from%generalized%Gauss%Law

Spectral functions as bridge between the Euclidean and real-time Wilson loop

T≈0(β=6.9) T≈0(β=7.48) T=0.86TC

T=0.95TC T=1.06TC T=1.19TC
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With%the%novel%Bayesian%method:%robust%lattice%determination%of%Re[V]&Im[V]
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Part II

Heavy quarkonium spectra
from the complex lattice T>0 potential
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Charmonium spectral function
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⇢V(!) = lim
r,r 0!0

1

2
D̃(!, r, r 0)D̃(!, r, r 0) ⌘

Z1

-1
dtei!tD>(t, r, r 0)

Solve%a%Schrödinger%equation%for%the%meson%spectral%function:
Y.*Burnier,*M.*Laine andM.*Vepsalainen,*JHEP*0801,*043*(2008)

Melting% temperatures%from%condition%Ebind=Γ
(%%Ebind(T)%=%Ethresh(T)%< MQQ(T)%%)

state J/ (1S)  0(2S) ⌥(1S) ⌥(2S) ⌥(3S) ⌥(4S)
Tmelt 213+13

-11 < 147 412+76
-22 193+26

-8 157+5
-4 < 147[MeV]

h
2mQ -

r2

2mQ
+ Re[V ]⌥ i|Im[V ]|

i
D>(t, r, r 0) = i@tD

>(t, r, r 0), t ? 0
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Estimating the ψ‘ to J/ψ ratio

In<medium%dilepton emission%from%area%under%
spectral%resonance%peaks

(%to%leading%order%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%)⇢(P) = ⇢(p2
0 - p2)

R`¯̀ /
Z
dp0

Z
d3p

(2⇡)3
⇢(P)

P2
nB(p0)

McLerran,*Toimela
PRD31*(1985)*545*
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Number%density:%divide%by%T=0%dimuon rate%assuming%all%cc%in%peak%become%real%particles%

N 0

NJ/ 
=

R 
0

`¯̀

R
J/ 

`¯̀

M2
 0 |�J/ (0)|

2

M2
J/ |� 0(0)|2

= 0.052± 0.009 Y.Burnier,*O.*Kaczmarek,*A.R.*
JHEP*1512*(2015)*101*
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Part III

Direct Lattice QCD
heavy quarkonium spectral functions
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Direct lattice QQ spectra

QQ

u d s

g

Relativistic treatment of light 
and heavy d.o.f.

Full Lattice QCD simulation incl. QQ
(still too costly)

IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Lattice%Non<Relativistic%QCD%(NRQCD)%well%established at%T=0,%applicable%at%T>0
no%modeling,% systematic%expansion%of%QCD%action%in%1/mQa,%includes%v≠0%contributions

Thacker, Lepage Phys.Rev. D43 (1991) 196-208

State<of<the<art:%realistic%simulations%of%the%QCD%medium%by%the%HotQCD collab.

483x12%%Nf=2+1%HISQ%action%%%mπ=161MeV%%%T=%[%140%– 249%]%MeV%%mca=%[%0.757%– 0.427%]%
HotQCD PRD85 (2012) 054503, PRD90 (2014) 094503 

QQ

Kin. eq. non-relativistic QQ in a
background of light medium d.o.f.

QQ in NRQCD effective theory
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Correlation functions in NRQCD
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QCD 
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Non-rel. propagator of
a single heavy quark G
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Davies, Thacker Phys.Rev. D45 (1992)

Q

Q

Q

Q

σi

σi

QQ propagator
projected to a certain channel

„correlator of QQ wavefct.
DJ/ψ(τ)%� <ψJ/ψ (τ)ψ†

J/ψ (0)> “
Brambilla et. al. Rev.Mod.Phys. 77 (2005) 1423

Ratio of T>0 andT�0 correlators:
estimate of overall in-medium effects
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IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Direct Charmonium spectra

Due%to%limited%number% of%data%points% (Nt=12)%only%ground% state%reliably%reconstructed

GS%strength%decreases%with%temperature,%quantitative%features%(m%,%Γ)%are%work%in%progress% %

Consistent%with%potential%based%spectra:%survival%of%GS%peak%remnant%up%to%T=1.6TC
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Lattice NRQCD CharmoniumT>0 spectrum
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Conclusions

Combining%EFT%methods%(pNRQCD/NRQCD)%and%lattice%QCD%spectral%functions

Methods-progress:%Novel%Bayesian%approach%to%spectral%reconstruction

Thank you for your attention

Physics%results%for%in<medium%quarkonium:

Confirm%sequential in<medium%modification-of%quarkonium% states

ψ’-/-J/ψ ratio%at%freezeout larger than%predicted%from%statistical%model%

Observation%of%mass-shifts-for%quarkonia to%lower%values%close%to%melting

Progress-I:--First%principles%definition%of% static%T>0%potential% from%QCD%spectral%functions

Progress-II:--Predictions% for%ψ’%/%J/ψ%from%meson%spectra%based%on%the%static%potential

Melting-T:-ϒ(1S):%412(40)MeV,%χb(1P):%266(20)MeV%J/ψ:%213(12)MeV%χc(1P):182(12)%MeV

IN-MEDIUM HEAVY QUARKONIUM FROM LATTICE QCD SPECTRAL FUNCTIONS

Progress-III:--Direct%reconstruction%of%NRQCD%meson%spectra


