
Quarkonium in the Fireball 

Nora  Brambilla

Effective Field Theories

for Particle Physics

NORA BRAMBILLA

Physik Department TUM

T30f

http://einrichtungen.physik.tu-muenchen.de/T30f/

Effective Field Theories

for Particle Physics

NORA BRAMBILLA

Physik Department TUM

T30f

http://einrichtungen.physik.tu-muenchen.de/T30f/



• Quarkonium suppression  and R_AA  as a probe of QGP: 
original idea of Matsui and Satz based on screening

• Quarkonium works as a good probe because is a multiscale 
system well understood at T=0 on the basis of EFT and lattice 

•Using EFTs to determine quarkonium interaction at finite T 
we get a change of paradigm: suppression driven not by 

screening but by imaginary parts of the potentials 

• Physical interpretation of the imaginary parts: Landau 
damping/inelastic parton dissociation, singlet octet 

transition/gluodissociation  

• How to describe quarkonium evolving in the fireball: open 
quantum description based on the EFT. It is fully quantum, 
non abelian and conserve total number of heavy quarks. It 

contains dissociation and recombination, gives R_AA 



Debye charge screening 

V (r) ⇥ ��s
e�mDr

r

mD ⇠ gT

r � 1
mD

Bound state 
dissolves

From this:  
—quarkonia should dissociate at different 

temperature in dependence of their radius: they  
are a Quark Gluon Plasma thermometer 

-R_AA should be smaller than 1



But, what is  the quarkonium interaction potential in a hot 
medium?

Potential models
Free energy vs potential

• Either phenomenological potentials have been used so far or the free energy
calculated on the lattice.

• The free energy is not the static potential: the average free energy
(∼ ⟨Tr L†(r)Tr L(0)⟩) is an overlap of singlet and octet quark-antiquark states,
what is called the singlet (∼ ⟨Tr L†(r) L(0)⟩) and the octet (∼ ⟨Tr L†(r)Tr L(0)⟩

−1/3 ⟨Tr L†(r) L(0)⟩) free energy are gauge dependent;
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But, what is  the quarkonium interaction potential in a hot 
medium?Potential models Singlet 

free 
energy  

F1(r,T) = U1(r,T) – T S1(r,T)

Internal
 energy  

flattening is due to 
screening

Kaczmarek Zantow’05 
2 flavor QCD

Which of these is the 
QCD potential? 
Are all effects 
incorporated?  

can we devise a 
method to define and 
calculate the potential 

from QCD?



Heavy Quarkonium is a special probe of  QGP  
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Heavy quarks offer a privileged access 

A large scale

Heavy quarkonia are nonrelativistic bound 
systems: multiscale systems

Electromagnetic bound states: atoms, molecules,

Heavy quarks offer a privileged access to the strong 

sector of the Standard Model

Q

v

q

heavy light meson: HQET
only two scales exist                andm ΛQCD

A large scale αs(mQ) ≪ 1mQ ≫ ΛQCD

Q̄

Q

v

r

Quarkonium: nonrelativistic 

multiscale system 

m mv ∼ r
−1

mv
2

ΛQCD

v ≪ 1 → m ≫ mv ≫ mv
2

many scales: a challenge and an opportunity
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QCD theory of Quarkonium: a very hard problem

∼

1

E − (p2

m
+ V )

...    ...   ...
m

p      mv

2E      mv

Difficult also
for the lattice! 

L
−1

≪ λ ≪ Λ ≪ a
−1

Close to the bound state  

NR Bound State

g
2

p2
(1 +

mαs

p
+ . . .)

multiscale diagrams have a complicate power 
counting and contribute to all orders in the coupling 

pQ

Q̄

p ∼ mαs

g
2

p2
(1 +

mαs

p
)



Eλ

EΛ

=

mv

m

Eλ

EΛ

=

mv2

mv

⟨On⟩ ∼ E
n
λ

Hard

Soft 
(relative 

momentum)

Ultrasoft  
(binding energy)

LEFT =
∑

n

cn(EΛ/µ)
On(µ, λ)

EΛ

Quarkonium with NR EFT Color degrees of freedom 
3X3=1+8 

 singlet and octet QQbar 



...    ...   ...
m

p      mv

2E      mv

...

LNRQCD =
∑

n

c(αs(m/µ)) ×
On(µ, λ)

mn

Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)



...    ...   ...
m

p      mv

2E      mv

...

+ ...+

LpNRQCD =
∑

k

∑

n

1

mk
ck(αs(m/µ)) × V (rµ′, rµ) × On(µ′, λ) rn

Quarkonium with NR EFT: potential NonRelativistic QCD 
(pNRQCD)



In QCD another scale is relevant ΛQCD

Quarkonium with NR EFT: pNRQCD
strongly 
coupled 
pNRQCD

weakly 
coupled 
pNRQCD



pNRQCD for quarkonia with small radius      r ⌧ ⇤�1
QCD

(Weakly coupled) pNRQCD Lagrangian for QQ̄

• If mv ≫ ΛQCD, the matching is perturbative

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2 and momentum <
∼ mv

⇒ (i) singlet S (ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2

• Definite power counting: r ∼
1

mv
and t, R ∼

1

mv2
, 1

ΛQCD

The gauge fields are multipole expanded:
A(R, r, t) = A(R, t) + r · ∇A(R, t) + . . .

Non-analytic behaviour in r → matching coefficients V

 

pNRQCD formv ≫ ΛQCD

Degrees of freedom that scale like mv are integrated out:

!  "  V(µr)

NRQCD pNRQCD

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2

momentum <∼ mv

⇒ i) singlet S ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2



weak pNRQCD r ⌧ ⇤�1
QCDCase 1: pNRQCD formv ≫ ΛQCD

L = −
1

4
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Singlet static potential

Octet static potential
pNRQCD formv ≫ ΛQCD

L = −
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4
F a

µνF
µν a + Tr
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} LO in r

θ(T ) e−iTHs θ(T ) e−iTHo

(

e−i
R

dt Aadj
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S singlet field
O octet  field

singlet propagator
octet propagator



pNRQCD is nowadays the EFT used at T=0 to describe 
quarkonium properties 

but what about finite T?



more scales

four spacetime dimensions as

�L(⇤i) =
�

i

ci

Mdi�4
Oi, (1.22)

where Oi is an operator of dimension di > 4 and ci is the corresponding Wilson coe⇤-
cient. It should be noted that even the parameters (couplings, massess, etc.) appearing
in L(⇤i) are not the same in the two regions, the di⇥erence given again by the matching
conditions.
Once the matching has been performed one can proceed further down in energy using
again the RG equation. It should be noted that the procedure we just sketched can
be perfectly iterated. Suppose that one of the light degrees of freedom, ⇤j , as a mass
mj ⇥ mi, ⌅i ⇤= j: then one can repeat the previous steps, integrating out the field ⇤j .
From this procedure we can understand that the EFT will clearly have the same IR
behavior of the starting theory but a di⇥erent UV one.

1.3 NRQCD

We now concentrate on EFTs for heavy quarkonium systems. We remark that any non-
relativistic bound state develops a hierarchy of scales m ⇥ mv ⇥ mv2, where m is in
this case the heavy quark mass and v the velocity. Estimates for the physical systems of
charmonium and bottomonium give v2 � 0.3 for the former and v2 � 0.1 for the latter:
therefore a non-relativistic treatment is viable, but relativistic corrections need to be
considered, especially for charmonium. The scale of the m is called the hard scale, the
scale of the exchanged momentum mv is called the soft scale and the scale of the kinetic
energy mv2 is called the ultrasoft scale.
NonRelativistic QCD is then obtained by integrating out the hard scale m from the
QCD Lagrangian (1.1) with the methods of the previous section. In QCD there is
of course another intrinsic scale, �QCD: the position of this scale with respect to the
others will play an important role in the following section. In a non-relativistic system
energy and three-momentum scale di⇥erently; however for NRQCD we define a single
UV cut-o⇥ ⇥NR = {⇥p, ⇥s} satisfying m ⇥ ⇥NR ⇥ �QCD, E, |p|. ⇥p is the cut-o⇥ of the
relative spacial momenta |p| of the heavy quarks, ⇥s is the cut-o⇥ of the energy E of the
heavy quarks and of the four-momenta of gluons and light quarks. Moreover the relation
nuNR ⇥ �QCD implies that the integration of the hard scale can be done perturbatively.
Once the integration has been performed heavy quark-antiquark pairs cannot be created
anymore so it is convenient to use non-relativistic Pauli spinors instead of Dirac spinors:
let then ⇧(x) be the Pauli spinor field annihilating a heavy quark and ⌅(x) the one
creating a heavy antiquark. Furthermore if the quark-antiquark pair is of the same flavor
it can annihilate to hard gluons, which have been integrated out: in order to preserve
this physical aspects the NRQCD Lagrangian contains imaginary Wilson coe⇤cients.
The NRQCD Lagrangian will thus be expressed as a power expansion in 1

m
2. Below the

2If the masses of the two quarks are di�erent the expansion will be organized in powers of 1
ma

1mb
2
,

with a, b � 0

14

?

Debye mass 
Screening Scale

mD � gT

and ΛQCD

with the EFT one can define what  is the quarkonium 
potential at finite T

The potential  V(r,T) dictates throught the Schroedinger equation the 
real time evolution  of the QQbar pair in the medium-> use the EFT 

to define and calculate it  To know the  potential  -> construct the EFT 
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T � gT � g2T . . .
?

Debye mass

Screening Scale

mD � gT

and ΛQCD

Without heavy quarks an EFT already exists that 

comes from integrating out hard gluon of p \sim T: 

Hard Thermal Loop EFT

Braaten Pisarski  90 

-> obtain pNRQCD at 
finite T 

T � gT � g2T . . .⇡



Effective Field Theories
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We assume that bound states exist for

• T ≪ m

• ⟨1/r⟩ ∼ mv >
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We neglect smaller thermodynamical scales.
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Weak coupling

In the weak coupling regime:

• v ∼ αs ≪ 1; valid for tightly bound states: Υ(1S), J/ψ, ...

• T ≫ gT ∼ mD .

Effects due to the scale ΛQCD will not be considered.

We work under the conditions:

Quarkonium at finite T with pNRQCD N. B., Ghiglieri,Petreczky, Vairo 
08 

pNRQCD at finite T allows us to 
define the  static QQbar  potential 

in the medium in real time



pNRQCD supply the potential (weak coupling regime T>>gT)

•  The thermal part of the potential has a real and an imaginary part 

Landau damping 

ReVS (r,T)

Discovery from new EFT calculations:
Quarkonium potential has Real & Imaginary part 

octet transition

thermal breakup of a Q-Q ! 
color singlet into a color 
octet state and gluons

gluon self-energy, scattering 
of particles in the medium 

with space-like gluons
Brambilla, Vairo, Petreczky 2009 Laine, 2007
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Landau damping 

ReVS (r,T)

  thermal width of QQ !

Discovery from new EFT calculations:
Quarkonium potential has Real & Imaginary part 

octet transition

thermal breakup of a Q-Q ! 
color singlet into a color 
octet state and gluons

gluon self-energy, scattering 
of particles in the medium 

with space-like gluons
Brambilla, Vairo, Petreczky 2009 Laine, 2007

Thursday, April 2, 2009

Singlet-to-octet Landau damping

New effect, specific of QCD
dominates for E/m_D>>1

N.B Ghiglieri, Petreczky, Vairo 2008

Known from QED
dominates for m_D/E>>1

Laine et al 07, Escobedo Soto 07

(gluo dissociation) 
N. B. Escobedo, Ghiglieri , Vairo 2011 

(inelastic parton scattering) 
N. B. Escobedo, Ghiglieri , Vairo 2013 



The singlet static potential and the static energy (pNRQCD) 
•  Temperature effects can be other than screening

T > 1/r  and  1/r ~ mD ~ gT

exponential screening   

ReVS (r,T) ImVS (r,T)

T < Ebin

T > 1/r  and  1/r > mD ~ gT

no exponential screening, but 
power-like T-corrections  

no corrections, but
 non-potential T contributions 

Discovery from new EFT calculations:
Temperature effects can be other than screening  

Laine et al

Blaizot et al

Brambilla et al
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T > 1/r  and  1/r ~ mD ~ gT

exponential screening   

ReVS (r,T) ImVS (r,T)

T < Ebin

T > 1/r  and  1/r > mD ~ gT

no exponential screening, but 
power-like T-corrections  

no corrections, but
 non-potential T contributions 

Discovery from new EFT calculations:
Temperature effects can be other than screening  

Laine et al

Blaizot et al

Brambilla et al

Thursday, April 2, 2009

exponential screening but ImV � ReV

no exponential screening but 
power-like T corrections

 no corrections to the potential, 
corrections to the energy 

imaginary parts in the potential have subsequently 
been found also for a strongly coupled plasma on the lattice 

(A. Rothkopf  et al, Petreczky, Weber..) and in strings 
calculations



Quarkonium melting temperature

The quarkonium melts in the medium when

Ebinding ∼ Γ

i.e.

g2

r
∼ g2Tm2

Dr2 ln
1

mDr

for 1/r ∼ m g2 and mD ∼ g T

T ∼ m g4/3 (ln 1/g)−1/3

◦ Escobedo Soto arXiv:0804.0691, Laine arXiv:0810.1112

Quarkonium melting temperature

The quarkonium melts in the medium when

Ebinding ∼ Γ

i.e.

g2

r
∼ g2Tm2

Dr2 ln
1

mDr

for 1/r ∼ m g2 and mD ∼ g T

T ∼ m g4/3 (ln 1/g)−1/3

◦ Escobedo Soto arXiv:0804.0691, Laine arXiv:0810.1112

offer a systematic framework to do the  calculations of 
the energy and width in a hot medium

The bottomonium ground state at finite T

The relative size of non-relativistic and thermal scales depends on the medium and on
the quarkonium state.

The bottomonium ground state , which is a weakly coupled non-relativistic bound state:
mv ∼ mαs,mv2 ∼ mα2

s
>
∼

ΛQCD, produced in the QCD medium of heavy-ion collisions
at the LHC may possibly realize the hierarchy

m ≈ 5 GeV > mαs ≈ 1.5 GeV > πT ≈ 1 GeV > mα2
s ≈ 0.5 GeV >

∼
mD,ΛQCD

◦ Vairo AIP CP 1317 (2011) 241

T_dissociation
M = m= mass heavy quark



bottomonium 1S below the melting temperature T_d
The complete mass and width up to O(mα5

s )

δE
(thermal)
1S =

34π

27
α2
s T

2a0 +
7225

324

E1α3
s

π

[

ln

(

2πT

E1

)2

− 2γE

]

+
128E1α3

s

81π
L1,0 − 3a20

{[

6

π
ζ(3) +

4π

3

]

αs T m2
D −

8

3
ζ(3)α2

s T
3
}

Γ
(thermal)
1S =

1156

81
α3
sT +

7225

162
E1α

3
s +

32

9
αs Tm2

D a20 I1,0

−

[

4

3
αsTm2

D

(

ln
E2

1

T 2
+ 2γE − 3− ln 4− 2

ζ′(2)

ζ(2)

)

+
32π

3
ln 2α2

s T
3
]

a20

where E1 = −
4mα2

s

9
, a0 =

3

2mαs
and L1,0 (similar I1,0) is the Bethe logarithm.

◦ Brambilla Escobedo Ghiglieri Soto Vairo JHEP 1009 (2010) 038

Consistent with lattice calculations of spectral functions

Lattice width

0 0.5 1 1.5 2
T/Tc

0

0.5

1

1.5

2

!
/T

3S1(vector)
Upsilon

0 0.5 1 1.5 2
T/Tc

0

0.5

1

1.5

2

!
/T

1S0(pseudoscalar)
"b

Consistent with Γ
(thermal)
1S =

1156

81
α3
sT ⇒ αs ≈ 0.4.

◦ Aarts Allton Kim Lombardo Oktay Ryan Sinclair Skullerud
JHEP 1111 (2011) 103



The imaginary parts  in the potentials give origin to  
a quarkonium thermal dissociation width and they 

correspond to two process

















different from quasi  
free approximation



Γ1S due to inelastic parton scattering



All these are in equilibrium results 

How can we describe the evolution of quarkonium in the 
fireball   and obtain R_AA?



N.B., M. Escobedo, J. Soto. A. Vairo   
1612.07248 and  in preparation 017



M = m



We look at the heavy quarks as an open  
quantum system that interacts with the (slowly) evolving 

medium  of the fireball made of quarks and gluons  

where rho is the QCD density

the experimental fact that the number of b quark is much smaller than 
the number of light quarks imply 

















non equilibrium modification of the equilibrium formula of L. McLerran, T. Toimela  1985 









—assumed that medium is infinite homogeneous  
and isotropic in space but changes in time:  

appropriate  for large nuclei in central collisions, 
used Bjorken evolution—> can improve on this using 

hydrodynamics

—we have used a particular initial condition—> initial 
conditions can be tuned  to account for pre-equilibrium 

states like Plasma 

Outlook

—we work at linear order in the density expansion—> go to 
next order (not relevant for  bottomonium but can be for 

charmonium)

—more info     on kappa and gamma needed

—we are now exploring other hierarchies and  
weakly coupled plasma  



Heavy quarkonium: progress, puzzles, 
and opportunities 
N. Brambilla∗†,1 S. Eidelman∗†,2, 3 B. K. Heltsley∗†‡,4 R. Vogt∗†,5, 6 G. T. Bodwin†,7 E. Eichten†,8 A. D. Frawley†,9 A. B. 
Meyer†,10 R. E. Mitchell†,11 V. Papadimitriou†,8 P. Petreczky†,12 A. A. Petrov†,13 P. Robbe†,14 A. Vairo†,1 A. Andronic,15 R. 
Arnaldi,16 P. Artoisenet,17 G. Bali,18 A. Bertolin,19 D. Bettoni,20 J. Brodzicka,21 G. E. Bruno,22 A. Caldwell,23 J. Catmore,24 
C.-H. Chang,25, 26 K.-T. Chao,27 E. Chudakov,28 P. Cortese,16 P. Crochet,29 A. Drutskoy,30 U. Ellwanger,31 P. Faccioli,32 A. 
Gabareen Mokhtar,33 X. Garcia i Tormo,34 C. Hanhart,35 F. A. Harris,36 D. M. Kaplan,37 S. R. Klein,38 H. Kowalski,10 J.-P. 
Lansberg,39, 40 E. Levichev,2 V. Lombardo,41 C. Lourenc ̧o,42 F. Maltoni,43 A. Mocsy,44 R. Mussa,16 F. S. Navarra,45 M. 
Negrini,20 M. Nielsen,45 S. L. Olsen,46 P. Pakhlov,47 G. Pakhlova,47 K. Peters,15 A. D. Polosa,48 W. Qian,49, 14 J.-W. Qiu,
12, 50 G. Rong,51 M. A. Sanchis-Lozano,52 E. Scomparin,16 P. Senger,15 F. Simon,23, 53 S. Stracka,41, 54 Y. Sumino,55 M. 
Voloshin,56 C. Weiss,28 H. K. W ̈ohri,32 and C.-Z. Yuan51

arXiv.org/abs/arXiv:1010.5827

QCD and strongly coupled gauge theories: challenges and perspectives

N. Brambilla�†,1 S. Eidelman†,2, 3 P. Foka†‡,4 S. Gardner†‡,5 A.S. Kronfeld†,6

M.G. Alford‡,7 R. Alkofer‡,8 M. Butenschön‡,9 T.D. Cohen‡,10 J. Erdmenger‡,11 L. Fabbietti‡,12

M. Faber‡,13 J.L. Goity‡,14, 15 B. Ketzer‡§,1 H.W. Lin‡,16 F.J. Llanes-Estrada‡,17

H.B. Meyer‡,18 P. Pakhlov‡,19, 20 E. Pallante‡,21 M.I. Polikarpov‡,19, 20 H. Sazdjian‡,22

A. Schmitt‡,23 W.M. Snow‡,24 A. Vairo‡,1 R. Vogt‡,25, 26 A. Vuorinen‡,27 H. Wittig‡,18

P. Arnold,28 P. Christakoglou,29 P. Di Nezza,30 Z. Fodor,31, 32, 33 X. Garcia i Tormo,34 R. Höllwieser,13
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öllw

ieser, 1
3

M
.A

.
Jan

ik, 3
5
A
.
K
alw

eit, 3
6
D
.
K
ean

e, 3
7
E
.
K
iritsis, 3

8
, 3

9
, 4

0
A
.
M
isch

ke, 4
1
R
.
M
izu

k, 1
9
, 4

2

G
.
O
d
yn

iec, 4
3
K
.
P
ap

ad
od

im
as, 2

1
A
.
P
ich

, 4
4
R
.
P
ittau

, 4
5
J.-W

.
Q
iu
, 4
6
, 4

7
G
.
R
icciard

i, 4
8
, 4

9

C
.A

.
S
algad

o, 5
0
K
.
S
chw

en
zer, 7

N
.G

.
S
tefan

is, 5
1
G
.M

.
von

H
ip
p
el, 1

8
an

d
V
.I.

Z
akh

arov
1
1
, 1

9

1P
hysik

D
epartm

en
t,

T
echn

ische
U
n
iversität

M
ü
n
chen

,
J
am

es-F
ran

ck-S
traß

e
1,

85748
G
archin

g,
G
erm

an
y

2B
u
dker

In
stitu

te
of

N
u
clear

P
hysics,

S
B

R
A
S
,
N
ovosibirsk

630090,
R
u
ssia

3N
ovosibirsk

S
tate

U
n
iversity,

N
ovosibirsk

630090,
R
u
ssia

4G
S
I
H
elm

holtzzen
tru

m
fü
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