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•quarkonium interaction in the hot medium

• application to the Y(1S) at LHC

• effective field theory calculation of the 
potential, setting up of a calculational 

framework 

• physical implications and discussion 
of the physical picture
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Quarkonium suppression is 
believed to be a probe of 

QGP formation 

• J/! suppression has been measured at SPS, RHIC 
and now LHC. SPS~RHIC

Charmonium suppression in 
experiments
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Figure 5: The nuclear modification factor as function of centrality (left), pT (right) and rapidity
(bottom) for the prompt J/ψ. The gray boxes plotted at RAA =1 indicate the scale of the global
uncertainties: (left) the uncertainty of 6% on the measured integrated luminosity of the pp data
sample, together with the statistical and systematic uncertainty on the pp data set; (right and
bottom) the pp luminosity and the TAA uncertainties. The bin boundaries are indicated by
small horizontal lines where meaningful.
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Quarkonium suppression in the hot medium due to color 
screening



Quarkonia are sensitive to the formation of a QGP via
color screening

A thermal medium, like the quark-gluon plasma, induces color screening: mD ∼ gT
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Physical Picture: color screening of the potential 
 originates quarkonium dissociation when the radius
is of the order of the inverse of the Debye screening
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But, what is  the quarkonium interaction potential in a hot 
medium?



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 
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Potential models
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F1(r,T) = U1(r,T) – T S1(r,T)
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 energy  
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QCD potential?
Are all effects 
incorporated? 



The quarkonium potential at finite T

In order to study quarkonium properties in a thermal bath at temperature T , the quantity
to be determined is the quarkonium potential, which describes the real-time evolution of
a QQ̄ pair through the Schrödinger equation

E Φ =

„

p2

m
+ V (r, T )

«

Φ

• In the full theory, V (r, T ) must come from a systematic expansion
• in 1/m (non-relativistic expansion), the leading term being the static potential;
• in the energy E (ultrasoft expansion).

It will encode all contributions from scales larger than E and smaller than m.
• One may exploit these expansions by constructing a suitable hierarchy of EFTs.
• EFTs will account for thermal effects both of the potential and/or of the

non-potential type.
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EFTs vs potential

Ultimately the real-time evolution of a QQ̄ pair in a thermal bath at temperature T will be
(dominantly) described by a Schrödinger equation

E Φ =

„

p2

m
+ V (r, T )

«

Φ

where the quantity to be determined is the quarkonium potential V .

• In the EFT, V (r, T ) must come from a systematic expansion
• in 1/m (non-relativistic expansion), the leading term being the static potential;
• in the energy E (ultrasoft expansion).

• Each expansion is implemented by a suitable hierarchy of EFTs.

• The potential V (r, T ) encodes all contributions from scales larger than E and
smaller than m. It will depend on the temperature if m > T > E; it will not depend
on the temperature if T < E.

• Effects due to scales <
∼

E, which are sub-dominant, are not included in the
potential, but they affect physical observables. They may be systematically
included in the EFT by introducing other low-energy degrees of freedom besides Φ.
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Quarkonium at finite temperatureScales

Quarkonium in a medium is characterized by different energy and momentum scales:

• the scales of a non-relativistic bound state (v is the relative heavy-quark velocity):
-m (mass),
-mv (momentum transfer, inverse distance),
-mv2 (kinetic energy, binding energy, potential V ), ...

• the thermodynamical scales:
- πT (temperature),
-mD (Debye mass, i.e. screening of the chromoelectric interactions), ...

Non-relativistic scales are hierarchically ordered:m ! mv ! mv2,
we may assume that also the thermodynamical scales are: πT ! mD .
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 To know the  potential  -> construct the EFT 

more scales

four spacetime dimensions as

δL(φi) =

�

i

ci

Mdi−4
Oi, (1.22)

where Oi is an operator of dimension di > 4 and ci is the corresponding Wilson coeffi-

cient. It should be noted that even the parameters (couplings, massess, etc.) appearing

in L(φi) are not the same in the two regions, the difference 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, φj , as a mass

mj � mi, ∀i �= j: then one can repeat the previous steps, integrating out the field φj .

From this procedure we can understand that the EFT will clearly have the same IR

behavior of the starting theory but a different 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, ΛQCD: 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 differently; however for NRQCD we define a single

UV cut-off νNR = {νp, νs} satisfying m � νNR � ΛQCD, E, |p|. νp is the cut-off of the

relative spacial momenta |p| of the heavy quarks, νs is the cut-off of the energy E of the

heavy quarks and of the four-momenta of gluons and light quarks. Moreover the relation

nuNR � ΛQCD 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 ψ(x) be the Pauli spinor field annihilating a heavy quark and χ(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 coefficients.

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 different the expansion will be organized in powers of 1
ma

1mb
2
,

with a, b ≥ 0

14

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 



Quarkonium at finite T: EFT treatment

Non-relativistic Effective Field Theories at finite T

NRQCD HTL

pNRQCD HTL

QCD

NRQCD

pNRQCD

m

mv

mv2

πT
mD

We assume that bound states exist for

• πT ! m

• 〈1/r〉 ∼ mv >
∼

mD

We neglect smaller thermodynamical scales.

N.B., Ghiglieri, Petreczky,Vairo  08, (in QED Escobedo, Soto 08)
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We assume that bound states exist for

• T % m

• 〈1/r〉 ∼ mv >
∼

mD

We neglect smaller thermodynamical scales.

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:

N.B., Ghiglieri, Petreczky,Vairo  08, (in QED Escobedo, Soto 08)



The singlet static potential and the static energy (pNRQCD) 
We  have calculated the potential  for all the situations from T bigger 

than the inverse radius 1/r to smaller than the energy E in small 
coupling

N.B., Ghiglieri, 
Petreczky,Vairo

•  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 
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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 2007

(quasi free dissociation) (gluo dissociation) 



Example of the type of result 
in a given scale hierarchy

The singlet static potential and the static energy (pNRQCD) 
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The singlet static potential and the dissociation temperature 

• The potential is neither the color singlet  free energy nor the  internal energy

• The quarkonium dissociation is a consequence of the apparence of a 
thermal decay width rather than being  due to the color screening of 

the real part of the potential 

 The imaginary part is bigger than the real part before the screening exp{-m_D r} 
sets in 

->the imaginary part is responsible for QQbar dissociation !

:Quarkonium melts in the mediumStatic quark antiquark at T ! 1/r ! mD ! V

Divergences appear in the imaginary part of the potential at order αs

r
× (rmD)2 × (Tr).

They cancel in physical observables against loop corrections from lower energy scales.

We consider the case T " 1/r " mD " V . Integrating out mD from pNRQCDHTL

leads to an extra contribution δVs to the potential coming from

HTL propagator

Re δVs(r) ∼ g2r2T 3 ×
“mD

T

”3

Im δVs(r) = −
CF
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αs r2 T m2

D
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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
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Conclusions I

• In a framework that makes close contact with modern effective field theories for
non-relativistic bound states at zero temperature, we have studied the real-time
evolution of a heavy quarkonium in a thermal bath of gluons and light quarks.

• The derived potential is neither the quark-antiquark free energy nor the internal
energy. It is the real-time potential that describes the real-time evolution of a
quarkonium state in a medium. It encodes all contributions coming from modes
with energy and momentum larger than the binding energy.

• For T > E the potential gets thermal contributions.

• Two mechanisms contribute to the thermal decay width: the imaginary part of the
gluon self energy induced by the Landau damping phenomenon, and the
quark-antiquark color singlet to color octet thermal break up. Parametrically, the
first mechanism dominates for temperatures such that the Debye mass mD is
larger than the binding energy, while the latter dominates for temperatures such
that mD is smaller than the binding energy.

• In a medium, the quarkonium melts at a temperature πTmelting ∼ m g4/3 before
screening sets in.
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Landau damping

The Landau damping phenomenon originates from the scattering of the quarkonium with
hard space-like particles in the medium.

◦ Laine Philipsen Romatschke Tassler JHEP 0703 (2007) 054

•When Im Vs(r)|Landau−damping ∼ Re Vs(r) ∼ αs/r, the quarkonium dissociates:

πTdissociation ∼ mg4/3

•When 〈1/r〉 ∼ mD , the interaction is screened; note that

πTscreening ∼ mg % πTdissociation
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The dissociation temperature 
Υ(1S) dissociation temperature

The Υ(1S) dissociation temperature:

mc (MeV) Tdissociation (MeV)
∞ 480
5000 480
2500 460
1200 440
0 420

A temperature πT about 1 GeV is below the dissociation temperature.

◦ Escobedo Soto PRA 82 (2010) 042506



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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exponential screening but ImV � ReV

no exponential screening but 
power-like T corrections

 no thermal corrections to the potential,
thermal corrections to the energy 

1

r
> T > V

T < V

 or



Application of the EFT: bottomonium 1S below the 
melting temperature T_d at LHC

N.B., Escobedo, 
Ghiglieri, Soto ,Vairo 010

thermal contributions to the levels calculated at order 
malpha^5

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
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The effective field theory allows us to calculate 
systematically the contribution from each scale to the 

energy level and width



case of interest for LHC: bottomonium 1S below the 
melting temperature T_d

The complete mass and width up to O(mα5
s )

δE(thermal)
1S =

34π

27
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s T

2a0 +
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where E1 = −
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s

9
, a0 =

3

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

quadratically with T

decay width linear in 
temperature 

Conclusions II

• We have studied in detail the situation: mαs ! πT ! mα2
s

>
∼

mD

that may be relevant for the bottomonium 1S states at the LHC.

• At leading order, the quarkonium masses increase quadratically with T , which
implies the same functional increase in the energy of the leptons and photons
produced in the electromagnetic decays.

• Electromagnetic decays occur at short distances ∼ 1/m # 1/T , hence the
standard NRQCD factorization formulas hold. At leading order, all the temperature
dependence is encoded in the wave function at the origin. The leading
temperature correction to it can be read from the potential and is of order
∼ n4T 2/(m2αs). Hence, a quadratic dependence on the temperature should be
observed in the frequency of produced leptons or photons.

• At leading order, a decay width linear with temperature is developed, which implies
a tendency to decay to the continuum of colour-octet states. Hence, a consistently
smaller number of vector and pseudoscalar ground states is expected to be in the
sample with respect to the zero temperature case.
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Lattice energy
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 Conclusions I
Conclusions I

• In a framework that makes close contact with modern effective field theories for
non-relativistic bound states at zero temperature, we have studied the real-time
evolution of a static quark-antiquark pair in a medium of gluons and light quarks at
finite temperature.

• For temperatures T ranging from values larger to smaller than the inverse distance
of the quark and antiquark, 1/r, and at short distances, we have derived the
potential between the two static sources, their energy and thermal decay width.
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finite temperature.

• For temperatures T ranging from values larger to smaller than the inverse distance
of the quark and antiquark, 1/r, and at short distances, we have derived the
potential between the two static sources, their energy and thermal decay width.

Conclusions II

• The derived potential/energy is neither the quark-antiquark free energy nor the
internal energy. It is the real-time potential that describes the real-time evolution of
a quarkonium state in a thermal medium. It encodes all contributions coming from
modes with energy and momentum larger than the binding energy. It develops a
real and an imaginary part, it undergoes renormalization and eventually depends
on the adopted renormalization scheme.

• For T < V the potential is the Coulomb potential. For T > V the potential gets
thermal contributions.

• Two mechanisms contribute to the thermal decay width: the imaginary part of the
gluon self energy induced by the Landau damping phenomenon, and the
quark-antiquark color singlet to color octet thermal break up. Parametrically, the
first mechanism dominates for temperatures such that the Debye mass mD is
larger than the binding energy, while the latter dominates for temperatures such
that mD is smaller than the binding energy.
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• The situation may be relevant for the bottomonium 1S states (Υ(1S), ηb) at the LHC:
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• We aim at a precision in the spectrum of the order of mα5
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Quasi-free dissociation

For general T , the thermal width due to Landau damping reads

Γ1S =
∑

p

∫

qmin

d3q

(2π)3
fp(|q|)(1± fp(|q|)) σ1S(|q|) ,

where the sum runs over the different incoming light partons and fg = nB or fq = nF.

σ1S is known as the quarkonium quasi-free dissociation cross section.
The thermal NR EFTs provide analytic expressions of σ1S for different temperatures.

◦ Brambilla Escobedo Ghiglieri Vairo TUM-EFT 27/11



Quasi-free dissociation: previous literature

In the previous literature, it was assumed

Γ1S =
∑

p

∫

qmin

d3q

(2π)3
fp(|q|) σHQ(|q|) ,

with σHQ = 2σc, where σc is the cross section for the process pc → pc at T = 0.

◦ Grandchamp Rapp, PLB 523 (2001) 60, ...

The EFT analysis proves this assumption to be incorrect, because

• the dependence on the thermal distributions of the incoming and outgoing partons
is different;

• σ1S cannot be identified with σHQ, moreover it is temperature dependent.



Quasi-free dissociation: light-quark contribution

mDa0 = 0.001

blue line:mv ! T ! mD ! E
(dipole approximation)

pink line: T ∼ mv ! mD

yellow line: T ! mv ∼ mD

σcq ≡ 8πCFnf α2
s a

2
0
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Quasi-free dissociation: gluon contribution

mDa0 = 0.001

blue line:mv ! T ! mD ! E
(dipole approximation)

pink line: T ∼ mv ! mD

yellow line: T ! mv ∼ mD

σcg ≡ 8πCFNc α2
s a

2
0
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Singlet to octet break up

The thermal width at the scale E, which is of order α3
sT , is generated by the break up of

a quark-antiquark color-singlet state into an unbound quark-antiquark color-octet state: a
process that is kinematically allowed only in a medium.

• The singlet to octet break up is a different phenomenon with respect to the Landau
damping, the relative size of which is (E/mD)2. In the situationmα2

s ! mD , the
first dominates over the second by a factor (mα2

s/mD)2.

◦ Brambilla Ghiglieri Petreczky Vairo PRD 78 (2008) 014017



Gluodissociation

For general T , the thermal width due to S → O+ g break up in a medium reads

Γ1S =

∫

|q|≥|E1S |

d3q

(2π)3
nB(|q|) σ1S(|q|) −−−−→

T"E
previous slide

with

σ1S(|q|) =
αsCF

3
210π2ρ(ρ+ 2)2

E4
1

m|q|5
(

t(|q|)2 + ρ2
)

exp
(

4ρ
t(|q|) arctan (t(|q|))

)

e
2πρ

t(|q|) − 1

where ρ ≡ 1/(N2
c − 1) and t(|q|) ≡

√

|q|/|E1|− 1.

σ1S , which is the cross section of the process S → O+ g in the vacuum, is known as the
quarkonium gluodissociation cross section.

◦ Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116
Brezinski Wolschin PLB 707 (2012) 534



Gluodissociation: the Bhanot–Peskin approximation

In the large Nc limit:

σ1S(|q|) −−−−−→
Nc→∞

16
29παs

9

|E1|5/2

m

(|q|+ E1)3/2

|q|5
= 16σ1S,BP(|q|)

Γ1S −−−−−→
Nc→∞

∫

|q|≥|E1|

d3q

(2π)3
nB(|q|) 16σ1S,BP(|q|) = Γ1S,BP

◦ Bhanot Peskin NPB 156 (1979) 391

The Bhanot–Peskin (BP) approximation corresponds to neglecting final state
interactions, i.e. the rescattering of a QQ̄ pair in a color octet configuration.



Gluodissociation: full cross section vs BP cross section

≈ 1.13

◦ Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116



Gluodissociation: full width vs BP width

Lines on the left correspond to the T ! |E1| analytic results of the previous slides.

◦ Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116



The QQbar interaction in  the medium: recent developments
Recent developments

The quarkonium static potential has been calculated for T ! 1/r >
∼

mD by performing
an analytical continuation to real time of the Euclidean Wilson loop computed in
imaginary time. The calculation is done in weak-coupling resummed perturbation theory.

The imaginary part of the gluon self energy, which may be traced back to the Landau
damping phenomenon, induces an imaginary part of the static potential and hence a
thermal width for static quark-antiquark bound states.

◦ Laine Philipsen Romatschke Tassler JHEP 0703(2007)054
◦ Laine Philipsen Tassler JHEP 0709(2007)066
◦ Laine JHEP 0705(2007)028
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Recent developments

• Static particles in a hot QED plasma, in real-time formalism, have been considered
in the situation 1/r ∼ mD , confirming previous results.
◦ Beraudo Blaizot Ratti NPA 806(2008)312

• A comprehensive study of non-relativistic bound states in a hot QED plasma in a
non-relativistic EFT framework has been performed for a wide range of
temperatures: from T # m to T ∼ m.

Extrapolating to quarkonium, it was pointed out that quarkonium melts before
screening sets in at a temperature

πTmelting ∼ mg4/3
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Here I will  report  about a comprehensive EFT study of QQbar 
interaction, spectrum, decays at finite T in real time 

ArXiv:1008.0254

Motivation

The recent developments call for a revisitation of the physics of quarkonium states in a
thermal bath in a more systematic way.

• The method:
exploit the hierarchy of scales in the problem to construct a hierarchy of EFTs.

• The goal:
provide a systematic description of the real-time evolution of the quarkonium state
in the medium (potential, ...) and calculate its spectrum, decay width, ...

Based on

◦ N. Brambilla, J. Ghiglieri, P. Petreczky and A. Vairo
Static quark-antiquark pairs at finite temperature
Phys. Rev. D 78 (2008) 014017
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