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Introduction

Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

Quarkonia and the QGP 
•  Heavy quarks 

–  produced in the initial hard-scattering process 

•  Debye screening in QGP leads to melting of quarkonia 
•  Different binding energy of bound states lead to sequential 

melting of the states with increasing temperature 
–  also observable in the rates of the ground state due to suppression of  

feed down contribution 
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Quarkonia in pp with CMS: 
Carlos Lourenco 
(Tuesday, 14h15) 

The beginning: 
Matsui & Satz 
PLB 178 (1986) 416 

Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state ! (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/" would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < ! (T ). The result for di!er-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the J" should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the # will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the # can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the e!ective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal e!ects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the e!ect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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• Quarkonia suppression is one of the earliest heavy probes in HI

• Basic idea:

• Free color charges in plasma screen the QQ interactions
• States with a Bohr radius larger than µD are disolved  

• Quarkonia states act as a “thermometer” of the plasma

Matsui and Satz 86
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from sophisticated Maximum Entropy Method analysis:

statistical error band from Jackknife analysis

no clear signal for bound states above 1.46 Tc

study of the interesting region closer to Tc on the way! 

Charmonium Spectral function
[H.T.Ding, OK et al., arXiv:1204.4945]

H.T. Ding et al (12)

Bottomonium - Lattice NRQCD
[G.Aarts et al., JHEP11(2011)103]

G(�) =

Z �

c2M

d�0

2|
exp(c�0�)}(�0) , �0 = � c 2M

Kernel is T-independent, contributions at � < 2M absent

no small-� contribution Æ no information on transport propertiesSpectral Functions from Lattice

• Efforts to extract spectral functions from lattice: 
• ϒ survives to relatively high temperatures
• J/𝜓 dissolves at T<1.5 Tc
• 2S states are suppressed at lower temperatures.

• How are these calculations related to suppression in HIC?
• What happens in a medium with a finite life-time
• How does expansion affect the in-medium production?

G. Aarts et al. 11
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Bottomonia: with 2011 data 

11 

N⌥ (2S)/N⌥ (1S)|pp = 0.56± 0.13± 0.01 N⌥ (2S)/N⌥ (1S)|PbPb = 0.12± 0.03± 0.01

N⌥ (3S)/N⌥ (1S)|pp = 0.21± 0.11± 0.02 N⌥ (3S)/N⌥ (1S)|PbPb < 0.07

pp PbPb 

Ratios not corrected for acceptance and efficiency 

CMS-HIN-11-011 

• Efforts to extract spectral functions from lattice: 
• ϒ survives to relatively high temperatures
• J/𝜓 dissolves at T<1.5 Tc
• 2S states are suppressed at lower temperatures.

• How are these calculations related to suppression in HIC?
• What happens in a medium with a finite life-time
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this discrepancy is due to the breakdown of the nonrela-
tivistic approximation. As the temperature is increased
the charmonia bound states are melted and therefore the
typical velocity of heavy quarks becomes of the order of
the thermal velocity

!

T/mc. At T = 2Tc it becomes
v ! 0.7. Thus the nonrelativistic approximation breaks
down and the simple Ansatz for the nonrelativistic spec-
tral function given by Eq.(27) is no longer valid. As
the temperature is increased beyond this point we expect
that the spectral function should slowly approach the free
continuum form (30) and thus the ratio G/Grec should
decrease (recall Fig. 4). We would expect that for bot-
tomonium the nonrelativistic approximation should be
valid at higher temperatures and therefore the calculated
ratio G/Grec should agree better with the corresponding
lattice data. Results in Fig. 8 show that this is indeed
the case.

E. Other choices of the potential

The choice of the potential discussed above is some-
what ambiguous. Given the values of rmed(T ) and V!(T )
there are many ways to interpolate smoothly between
the short and long distance regimes. We tried di!er-
ent interpolations and found that the spectral functions
do not depend on the method used. Next, one can ask
how the results depend on the value of V!(T ). The free
energy F!(T ) gives a lower bound on this quantity be-
cause of the negative entropy term, and the internal en-
ergy U!(T ) provides an upper bound. Therefore we use
the singlet internal energy calculated in Ref. [61] as a
potential. This quantity has often been used as a po-
tential when discussing quarkonium properties at finite
temperature [19, 20, 21]. The details of the calculations
are discussed in Appendix D. We find that at 1.2Tc the
1S charmonium and 2S bottomonium states are present
as resonances in the spectral functions. At higher tem-
perature, of about T = 1.4Tc the only resonant struc-
ture which is present is the 1S bottomonium state. We
also see that the properties of the ground state are sig-
nificantly modified for this choice of the potential. As a
consequence, the temperature dependence of the charmo-
nium correlators does not agree with the lattice results.
We also find significant deviation in the bottomonium
correlators at 2Tc. Thus the singlet internal energy is
not a reasonable choice for the potential.

The value of rmed(T ) in the above analysis was chosen
according to the analysis of the singlet free energy. There
are many states which contribute to the singlet free en-
ergy. As such, the onset of a temperature dependence in
the free energy at some distance does not necessarily im-
ply a strong temperature dependence for the potential.
However, rmed(T ) should be smaller than the distance
where we see exponential screening. Therefore, we take
rmed(T ) = 1.25/T as the upper bound on rmed(T ). This
gives rmed ! 0.7 fm at 1.2Tc and rmed ! 0.5 fm at 1.5Tc.
The numerical results obtained from the potential con-
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FIG. 8: The charmonium (top) and bottomonium (bottom)
spectral functions at di!erent temperatures calculated using
V1(r, T ) as the potential. For charmonium we also show
the spectral functions from lattice QCD obtained from the
MEM at 1.5Tc. The error-bars on the lattice spectral func-
tion correspond to the statistical error of the spectral func-
tion integrated in the !-interval corresponding to the hor-
izontal error-bars. The insets show the corresponding ra-
tio G/Grec together with the results from anisotropic lat-
tice calculations [30]. For charmonium, lattice calculations
of G/Grec are shown for T = 1.2Tc (squares), 1.5Tc (cir-
cles), and 2.0Tc (triangles). For bottomonium lattice data
are shown for T = 1.5Tc (circles) and 1.8Tc (triangles).

structed with these values of rmed are discussed in Ap-
pendix D. We see in particular that with such a choice
for the potential the peaks corresponding to 1S char-
monium, 1P bottomonium, and 2S bottomonium reso-
nances are present and unchanged in the spectral func-
tion. The binding energy of these states, i.e. the distance
between the resonance peak and the continuum, are quite
small. Therefore thermal fluctuations can destroy these
states. At 1.5Tc we do not see any resonance like struc-
tures, except the 1S bottomonium state. Therefore we
see that for all choices of the potential which are con-
sistent with the information on color screening coming
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structed with these values of rmed are discussed in Ap-
pendix D. We see in particular that with such a choice
for the potential the peaks corresponding to 1S char-
monium, 1P bottomonium, and 2S bottomonium reso-
nances are present and unchanged in the spectral func-
tion. The binding energy of these states, i.e. the distance
between the resonance peak and the continuum, are quite
small. Therefore thermal fluctuations can destroy these
states. At 1.5Tc we do not see any resonance like struc-
tures, except the 1S bottomonium state. Therefore we
see that for all choices of the potential which are con-
sistent with the information on color screening coming

Potential Models

• Quarkonia is described via an in-medium (singlet) potential
• Well theoretically justified for very heavy quarks via EFT

• Uncertainty in the potential:

• Phenomenological real potential describe lattice data
• Perturbative calculations lead to complex potentials

• Hard to extract from the lattice

• Simple dynamical model to address time dependent problems.
• OK for bottomonium, not so good for chamonium

Mocsy & Petreczky 07

Mocsy & Petreczky 07

Laine et al  07, Beraudo et al 07

 Escobedo & Soto 08, Brambilla et al 10 
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tH~1/M

tb~1/Eb

T fixed

Vacuum

The QGP-Brick set up

rH~1/M

r0>>1/M
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short distance

Within this approximation, plasma effects are only present in the late time, non-
perturbative projection of the Q�Q̄ pair into the particular quarkonia state. For sufficiently
heavy quarks the potential non-relativistic QCD, which describes the dynamics of soft Mv2

modes applies (pNRQCD) and these matrix elements can be determined. In this approach,
the dynamics of quarkonia is described via the solution of the Schödingier equation with
a given inter-quark potential and the matrix element is determined from the Q � Q̄ pair,
wave function.

Since the Q� Q̄ potential is central, the center of mass dynamics of the pair decouple
and the matrix element is element is only dependent on the equivalent one body problem.
From this point of view, the hard production can be described via a Wigner function for
the Q� Q̄ pair, WH (r,q), with r and q the relative momentum and position of the pair at
an initial time t0 within the box. Due to the uncertainty principle, t0 cannot be determined
with an accuracy bigger than 1/M but, since I have assumed that this scale is much larger
than any medium or bound state scale, I will neglect this uncertainty. From the Wigner
function, the initial one body density matrix is given by

⇢H
⇣
r� y

2
, r+

y

2
; t0

⌘
=

Z
dq

(2⇡)3
eiq rWH (r,q) (2.3)

Independently of the particular process that leads to the production of a Q� Q̄ within
the medium, since the process is hard, the typical momentum of each of the quarks, p is
large M . p. Thus, the the relative quark momentum is much larger than the inverse bound
state radius, and, from the point of view of the soft matrix element, the q dependence of
WH can be neglected and approximate the initial density matrix by

⇢H
⇣
r� y

2
, r+

y

2
; t0

⌘
= ⇢0(r)� (y) . (2.4)

Furthermore, since the hard process takes place at very small distances the function ⇢0(r)
can be approximated by a �-function at the origin, ⇢0(r) / �(r).

As the Q � Q̄ pair propagates, the soft modes density matrix evolves via the non-
relativistic hamiltonian. At any given time t > t0 the different particle yields (prior to
feed-down) can be obtained by projecting the evolved density matrix to the single state
density matrix

YS / Tr (⇢H(t)⇢s) = Tr (⇢H(t0)⇢s(t� t0)) , (2.5)

with ⇢s = |Si hS| and |Si the quarkonium estate. In the second equality above we have
used the ciclicity of the trace to define

⇢s(t� t0) =
⇣
e�iH(t�t0)

⌘†
|Si hS|

⇣
e�iH(t�t0)

⌘
=

D
S̃
��� (2.6)

where
���S̃

E
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Within this approximation, plasma effects are only present in the late time, non-
perturbative projection of the Q�Q̄ pair into the particular quarkonia state. For sufficiently
heavy quarks the potential non-relativistic QCD, which describes the dynamics of soft Mv2

modes applies (pNRQCD) and these matrix elements can be determined. In this approach,
the dynamics of quarkonia is described via the solution of the Schödingier equation with
a given inter-quark potential and the matrix element is determined from the Q � Q̄ pair,
wave function.

Since the Q� Q̄ potential is central, the center of mass dynamics of the pair decouple
and the matrix element is element is only dependent on the equivalent one body problem.
From this point of view, the hard production can be described via a Wigner function for
the Q� Q̄ pair, WH (r,q), with r and q the relative momentum and position of the pair at
an initial time t0 within the box. Due to the uncertainty principle, t0 cannot be determined
with an accuracy bigger than 1/M but, since I have assumed that this scale is much larger
than any medium or bound state scale, I will neglect this uncertainty. From the Wigner
function, the initial one body density matrix is given by
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Independently of the particular process that leads to the production of a Q� Q̄ within
the medium, since the process is hard, the typical momentum of each of the quarks, p is
large M . p. Thus, the the relative quark momentum is much larger than the inverse bound
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Suppression from Schrödinger eq.
• Hard production leads to a density matrix of quarkonia states

hard relative momenta
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• The production yield is obtained by projecting with

• Time evolution with the soft H ⇒ transmuted to the final state

• From the time reverted evolution of the final wave function
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( )

• The final yield:

with  ̃(t̃, r) =
D
r|S̃

E
and initial condition  ̃(0, r) = hr|Si.

Combining eq. (2.4), eq. (2.5) and eq. (2.6), the yield of quarkonia production after a
time of propagation t is given by

YS /
��� ̃(t� t0, r = 0)

���
2

(2.8)

In the vacuum, the inter quark potential is hermitian and the modulus of the the wave
function at the origin remains constant as time changes. Thus the expression above coin-
cides with the standard matrix elements for the computation of quarkonia states [1]. For
the production in the medium-brick, the situation is more complicated, since the inter-
action with the QGP fields changes the potential during the time extent of the medium;
furthermore, when the Q� Q̄ leaves the QGP-brick, the potential changes abruptly back to
the vacuum expression. If all the thermal effects on the Q� Q̄ system can be expressed in
terms of a medium-modified potential, the complicated dynamics of the production process
in this set up can be address by solving the time dependent Schrödinger equation, eq. (2.7)

3 Potential

Potential models have been long used to describe the properties of different quarkonia
states in QCD plasma. As mentioned above, the main assumption of this approach is
that the interactions of the Q � Q̄ pair with the thermal medium can be recast into a in-
medium potential. While in recent years effective theory methods have lead to a theoretical
justification of this phenomenological approach in a certain limit (1/rB ⇠ µD � Eb, with rB
and Eb the Bhor radius and binding energy of the state and µD the Debye screening length
of the plasma), the functional form of the thermal potential remains unknown. Several
studies based on phenomenologically motivated potentials have lead to a remarkably good
agreement with lattice data on heavy quark correlation functions. In most of these analyses,
the in-medium potential is taken to be real and somewhat related to the singlet free energy
computed via lattice QCD. However, in recent years perturbation theory analyses have
shown that the in-medium potential does not need to be real, since the interaction with the
colored medium can change the color state of the pair, effectively reducing the probability
of the pair to remain in a color singlet state. While the perturbative expression for the
potential is not reliable, since in the vicinity of Tc the coupling is not small, the many body
effect described above exist beyond a perturbative treatment and leads to an imaginary
part for the singlet potential, which leads the disappearance of singlet states in plasma.

Given the lack of an explicit form of the in-medium potential for the region of interest,
in this work I will focus on the effect on quarkonia production of two toy-model potentials
which mimic some of the most important features of the in-medium dynamics without any
attempt to reconcile these potential to lattice computations of the spectral function. Since
this approach will already prevent me for a direct comparison with quarkonia suppression
data on heavy ion collisions, I will further assume, for simplicity, that the vacuum quarkonia
states are described by coulombic wave function; while these is a reasonable approximation
for sufficiently heavy quarks, significant deviations are found for realistic quark masses.
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Figure 1. Always give a caption.

Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵

✓
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dz
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Figure 2. Spectral function imaginary potential

which coincides with the functional form of the imaginary part of the perturbative potential
[? ]. In comparing with the potential in [? ] the reader may notice a different normalization
of the imaginary contribution in eq. (??). While in perturbation theory the prefactor of �
is given by the temperate scale T, in this work, for simplicity of the analysis, I have used
µD instead. Since in the region of interest we expect µD . T , this expression will give a
reasonable estimate of the effect of the imaginary part on quarkonia suppression

Thermal effects of this potential are twofold. The screening of the quark color charge
leads to the disappearance of bounded levels as in the previous case; additionally, the
complex potential introduces and imaginary part to the poles of the spectral density. Thus,
the eigenvalue problem for the potential in this case are complex; in the right hand side
of Fig. (2) I show the real and imaginary part of the ground and first excited state. The
comparison of the real part of the biding energy with those of the real potential, Fig.
(1), shows that the complex potential is more effective in dissolving the bound states;
additionally, the imaginary part of the eigen-states grows and becomes as large as the real
one well before the bound state is dissolved. These imaginary eigen-values are reflected
in the broadening of the peak structures in the spectral density shown in Fig. (2). The
spectral density also shows that, in addition to the faster level disappearance, the spectral
strength of the state is reduced faster for the imaginary potential than for the real one;
thus, we expect that the complex potential eq. (3.2) will lead to a stronger quenching of
quarkonia states than the real potential eq. (3.1).

4 Quarkonia Suppression in a QGP-Brick

The spectral functions computed in the previous section encode the distribution of quarko-
nia states at fixed temperature (or µD) in equilbrium. If the medium described by the
potentials eq. (3.2) and eq. (3.1) would be sufficiently large and exist for a sufficiently
long time, the asymptotic distribution of quarkonia states would be a thermal distribution
according to that spectral function and independent (up to an overall normalization) of
the origin of the Q � Q̄. However, for any realistic application, the medium is finite and
short-lived and the distribution becomes time dependent, while the relevant processes in
the plasma take place.
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with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.
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Debye screening length increases, the excited states disappear and the ground state moves
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spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵

✓
e�µDr

r
+ iµD �(µDr)

◆
. (3.2)

with

�(r) =

Z 1

0
dz

z

(z2 + 1)2

✓
1� sin(zr)

zr

◆
(3.3)

– 5 –

2) Complex potential:  

• Vacuum states models by µD=0 (no linear rise!)
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with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.
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vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.
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This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.
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G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
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with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.
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energy levels (the higher n excitations overlap because of the finite value of ✏). As the
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towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Figure 2. Spectral function imaginary potential

which coincides with the functional form of the imaginary part of the perturbative potential
[? ]. In comparing with the potential in [? ] the reader may notice a different normalization
of the imaginary contribution in eq. (??). While in perturbation theory the prefactor of �
is given by the temperate scale T, in this work, for simplicity of the analysis, I have used
µD instead. Since in the region of interest we expect µD . T , this expression will give a
reasonable estimate of the effect of the imaginary part on quarkonia suppression

Thermal effects of this potential are twofold. The screening of the quark color charge
leads to the disappearance of bounded levels as in the previous case; additionally, the
complex potential introduces and imaginary part to the poles of the spectral density. Thus,
the eigenvalue problem for the potential in this case are complex; in the right hand side
of Fig. (2) I show the real and imaginary part of the ground and first excited state. The
comparison of the real part of the biding energy with those of the real potential, Fig.
(1), shows that the complex potential is more effective in dissolving the bound states;
additionally, the imaginary part of the eigen-states grows and becomes as large as the real
one well before the bound state is dissolved. These imaginary eigen-values are reflected
in the broadening of the peak structures in the spectral density shown in Fig. (2). The
spectral density also shows that, in addition to the faster level disappearance, the spectral
strength of the state is reduced faster for the imaginary potential than for the real one;
thus, we expect that the complex potential eq. (3.2) will lead to a stronger quenching of
quarkonia states than the real potential eq. (3.1).

4 Quarkonia Suppression in a QGP-Brick

The spectral functions computed in the previous section encode the distribution of quarko-
nia states at fixed temperature (or µD) in equilbrium. If the medium described by the
potentials eq. (3.2) and eq. (3.1) would be sufficiently large and exist for a sufficiently
long time, the asymptotic distribution of quarkonia states would be a thermal distribution
according to that spectral function and independent (up to an overall normalization) of
the origin of the Q � Q̄. However, for any realistic application, the medium is finite and
short-lived and the distribution becomes time dependent, while the relevant processes in
the plasma take place.
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
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with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.
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with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr
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with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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• For each potential, the suppression factor is defined as
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Figure 4. Yield suppression of the ground state level as a function of t

I have also performed a similar analysis for the suppression of the next vacuum state,
the 2S level. In the right panel of Fig (3) I show the double ratio of suppression of the 2S
state to the 1S estate. Note that for only one of the cases considered, µD = 0.15↵M/2 the
in-medium potential supports 2S bound level and the medium modifications are small. As
the temperature rises, a modulation in the double yield ratio appears. The physical origin of
this is simple and it is due to the non-zero overlap of the vacuum 2s state withe in-medium
ground state, which for this potential survives for all the shown values of µD. The period of
oscillation is given by the in-medium ground state energy and the amplitude is controlled
by the interference between the in-medium continuous states and the ground state, which
disappear a later times since the former states are delocalized. Quite remarkably, this
double ratio can be larger than 1, showing a relative enhancement of 2S to 1s states. This
is particularly dramatic in the highest temperature case, for which the bound states is
loosely bound. This behavior continues at even higher temperatures, when all states are
dissolved and it is due to the fact that the vacuum 2s state is wider than the ground state
and has a larger overlap with the in-medium continuum. However, I emphasize that despite
the relative enhancement, in this situation both the 1s and 2s states are strongly suppress
as compared to the vacuum.

The introduction of an imaginary part to the potential leads so some distinct features
in the suppression pattern in of the QGP brick. As shown in the left panel of fig. (4), for the
same values of µD, the complex potential, eq. (3.2) is much more effective in suppressing
quarkonia. Contrary to fig (3), for this potential, the lat time suppression does not saturate
to a constant, but continuously increases due to the finite width of the in-medium states.
In fact, at these late times, the dynamics of the in-medium ground state is dominated by
this absorption. This is demonstrated in the right panel of fig. (4), where I show the ratio
of the numerically computed suppression divided by the expected absorption rate due to
the width � of the in-medium ground state for the values of µD for which it survives. As
shown by the plot, after the formation time of the meson, the absorption is indeed given
by the in-medium with up to an overall shift, which is due to the early time suppression.

In the left panel of fig. (5) I show the double ratio of suppression of the 2S to 1S state
for this imaginary potential. For the three highest µD shown, for which the potential does
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵

✓
e�µDr

r
+ iµD �(µDr)

◆
. (3.2)

with

�(r) =

Z 1

0
dz

z

(z2 + 1)2

✓
1� sin(zr)
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◆
(3.3)
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵

✓
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with
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Z 1

0
dz

z

(z2 + 1)2

✓
1� sin(zr)

zr

◆
(3.3)

– 5 –• Ground state suppression is larger for the complex potential

• The late time suppression: 

• Saturates to a fixed value for VR (ground state survival)

• Decay with the width of the state for VI. 

• Characteristic time scale: ground state period 
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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• Suppression is dominated by the imaginary component.
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Figure 4. Yield suppression of the ground state level as a function of t

I have also performed a similar analysis for the suppression of the next vacuum state,
the 2S level. In the right panel of Fig (3) I show the double ratio of suppression of the 2S
state to the 1S estate. Note that for only one of the cases considered, µD = 0.15↵M/2 the
in-medium potential supports 2S bound level and the medium modifications are small. As
the temperature rises, a modulation in the double yield ratio appears. The physical origin of
this is simple and it is due to the non-zero overlap of the vacuum 2s state withe in-medium
ground state, which for this potential survives for all the shown values of µD. The period of
oscillation is given by the in-medium ground state energy and the amplitude is controlled
by the interference between the in-medium continuous states and the ground state, which
disappear a later times since the former states are delocalized. Quite remarkably, this
double ratio can be larger than 1, showing a relative enhancement of 2S to 1s states. This
is particularly dramatic in the highest temperature case, for which the bound states is
loosely bound. This behavior continues at even higher temperatures, when all states are
dissolved and it is due to the fact that the vacuum 2s state is wider than the ground state
and has a larger overlap with the in-medium continuum. However, I emphasize that despite
the relative enhancement, in this situation both the 1s and 2s states are strongly suppress
as compared to the vacuum.

The introduction of an imaginary part to the potential leads so some distinct features
in the suppression pattern in of the QGP brick. As shown in the left panel of fig. (4), for the
same values of µD, the complex potential, eq. (3.2) is much more effective in suppressing
quarkonia. Contrary to fig (3), for this potential, the lat time suppression does not saturate
to a constant, but continuously increases due to the finite width of the in-medium states.
In fact, at these late times, the dynamics of the in-medium ground state is dominated by
this absorption. This is demonstrated in the right panel of fig. (4), where I show the ratio
of the numerically computed suppression divided by the expected absorption rate due to
the width � of the in-medium ground state for the values of µD for which it survives. As
shown by the plot, after the formation time of the meson, the absorption is indeed given
by the in-medium with up to an overall shift, which is due to the early time suppression.

In the left panel of fig. (5) I show the double ratio of suppression of the 2S to 1S state
for this imaginary potential. For the three highest µD shown, for which the potential does
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Figure 1. Always give a caption.

Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵

✓
e�µDr

r
+ iµD �(µDr)

◆
. (3.2)

with

�(r) =

Z 1

0
dz

z
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(3.3)
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵
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• The late time suppression: 

• Saturates to a fixed value for VR (ground state survival)

• Decay with the width of the state for VI. 

• Characteristic time scale: ground state period 
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Figure 5. Yield suppression of the ground state level as a function of t

not support a 1S level, the late time ratio is constant, which means that both the 2S and 1S
yields fall at the same rate. Similarly to the real potential case, this is due to the fact that
when the in-medium 2S level is absent, the the production is dominated by the overlap with
the in-medium 1S. Once again, the typical time scale to reach to this asymptotic behavior
is given by the ground state period. As in the real potential case, the asymptotic value
grows with µD. Even though the double ratio does not go above one for any of the shown
values, we have check that further increasing µD leads to an enhancement over the vacuum,
as in the previous case, but such that each individual yield is strongly suppressed.

The effect of the level overlap is also present in for colder medium, in which a 2S level
exist. In the right panel of fig.. (5) I compare the numerically computed suppression factor
to the absorption rate due to the imaginary part on the in-medium level. Contrary to
the ground state, the rate is not saturated by the in-medium level, and there are large
oscillations around this decay. The period of those agrees with the real part of the in-
medium 1S level, which reveal their origin. Furthermore, since the imaginary part of the
1S level is smaller than the 2S one, the ground state contribution grows at late times.

In summary, by comparing the suppression patterns of a medium-brick characterized by
a real quarkonia potential to that with an imaginary part with the same screening parameter
µD I conclude not only that the non-unitarity effects introduced by the complex potential are
very efficient in suppressing quarkonia. Even a relatively small imaginary part has dramatic
consequences in the late time suppression of quarkonia, specially for long lived medium-
bricks. On the contrary, for short lived bricks, less than the formation time, the differences
between these two models of the medium are not so dramatic. Additionally, I have shown
that even though the ground state suppression is easy to understand in therms of in-medium
bound states, the suppression of excited states, such as 2S-wave levels, has a much more
richer structure which arises from the contribution of more than the corresponding 2S-state
in-medium level, but also by the ground state, which in some cases become dominant.

5 Quarkonia Suppression in an Expanding Medium

The analysis of the static brick of the previous section, for which the medium parameters
are kept fixed during the medium life time show that the in-medium suppressions pattern
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵
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• 2S suppression smaller than 1S one at high T due to:

• Contribution of in-medium 1S (if bound)
• Wider vacuum wave function (if 1S is unbound)

• 2S formation is strongly influenced by in-medium ground state

• The oscillations are due to interference with 1S states
• Late time suppression for VI falls with the 1S width.

• If no states survive in a large fraction of medium evolution
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Figure 5. Yield suppression of the ground state level as a function of t

not support a 1S level, the late time ratio is constant, which means that both the 2S and 1S
yields fall at the same rate. Similarly to the real potential case, this is due to the fact that
when the in-medium 2S level is absent, the the production is dominated by the overlap with
the in-medium 1S. Once again, the typical time scale to reach to this asymptotic behavior
is given by the ground state period. As in the real potential case, the asymptotic value
grows with µD. Even though the double ratio does not go above one for any of the shown
values, we have check that further increasing µD leads to an enhancement over the vacuum,
as in the previous case, but such that each individual yield is strongly suppressed.

The effect of the level overlap is also present in for colder medium, in which a 2S level
exist. In the right panel of fig.. (5) I compare the numerically computed suppression factor
to the absorption rate due to the imaginary part on the in-medium level. Contrary to
the ground state, the rate is not saturated by the in-medium level, and there are large
oscillations around this decay. The period of those agrees with the real part of the in-
medium 1S level, which reveal their origin. Furthermore, since the imaginary part of the
1S level is smaller than the 2S one, the ground state contribution grows at late times.

In summary, by comparing the suppression patterns of a medium-brick characterized by
a real quarkonia potential to that with an imaginary part with the same screening parameter
µD I conclude not only that the non-unitarity effects introduced by the complex potential are
very efficient in suppressing quarkonia. Even a relatively small imaginary part has dramatic
consequences in the late time suppression of quarkonia, specially for long lived medium-
bricks. On the contrary, for short lived bricks, less than the formation time, the differences
between these two models of the medium are not so dramatic. Additionally, I have shown
that even though the ground state suppression is easy to understand in therms of in-medium
bound states, the suppression of excited states, such as 2S-wave levels, has a much more
richer structure which arises from the contribution of more than the corresponding 2S-state
in-medium level, but also by the ground state, which in some cases become dominant.

5 Quarkonia Suppression in an Expanding Medium

The analysis of the static brick of the previous section, for which the medium parameters
are kept fixed during the medium life time show that the in-medium suppressions pattern
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵
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• 2S suppression smaller than 1S one at high T due to:

• Contribution of in-medium 1S (if bound)
• Wider vacuum wave function (if 1S is unbound)

• 2S formation is strongly influenced by in-medium ground state

• The oscillations are due to interference with 1S states
• Late time suppression for VI falls with the 1S width.

• If no states survive in a large fraction of medium evolution
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵
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Figure 3. Yield suppression of the ground state level as a function of t

To study those process, I will first study quarkonia production in a homogeneous
medium at fixed temperature but with a finite lifetime. I will also assume that the spacial
extent of the medium is large, much larger that the in-medium radius of bound states. I
will assume that a Q � Q̄ pair is formed within the medium via a hard process at a time
t0 = 0 and interact with it during a finite time t after which the medium disappears. After
this time, the evolution occurs as in vacuum. In analogy with the jet quenching studies,
where a similar set-up was used to analyze the differences among the available quenching
models, I will call this set-up a QGP-brick.

Since, as explained in section (2), after the particle leaves the brick, the yield of the
different states remains constant, it will be enough to determine the evolution of the hard
density matrix up to the time t when the medium disappears. Following the discussion in
that section, the yield is obtained by (numerically) solving the Schrödiger equation, eq (2.7)
with the in-medium potential, eq. (3.2) and eq. (3.1), starting at t̃ = 0 with the vacuum
wave functions and compute the value of the evolved wave function at the origin at time
t. From this solution I determine the yield suppression by the medium, which I express, as
customary in heavy ion physics, as the ratio of the yield after the box to the one in vacuum

RS =
YS(µD)

YS(µD = 0)
. (4.1)

In the left panel of Fig (3) I show the suppression of the S-wave ground state (1S) as a
function of the time duration of the box in units of the inverse period of the ground state
wave function T = 2⇡/Eb, which I will identify as the formation time. For very small brick
life-time, less than one period, the suppression is relatively modest for all values of µD.
At later times and as long as the in medium potential supports a bounded ground state,
the yield suppression saturates to a constant value, which is determined by the value of
the in-medium wave function at the origin and the overlap of those wave functions with
the vacuum ground state. As µD grows the late time suppression grows, since the in-
medium states becomes wider as it approaches threshold, reducing both the value of its
wave function at zero and the overlap with the vacuum wave function. When µD is so large
that the ground states disappears (not shown) the late time yield tends to zero.
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Figure 5. Yield suppression of the ground state level as a function of t

not support a 1S level, the late time ratio is constant, which means that both the 2S and 1S
yields fall at the same rate. Similarly to the real potential case, this is due to the fact that
when the in-medium 2S level is absent, the the production is dominated by the overlap with
the in-medium 1S. Once again, the typical time scale to reach to this asymptotic behavior
is given by the ground state period. As in the real potential case, the asymptotic value
grows with µD. Even though the double ratio does not go above one for any of the shown
values, we have check that further increasing µD leads to an enhancement over the vacuum,
as in the previous case, but such that each individual yield is strongly suppressed.

The effect of the level overlap is also present in for colder medium, in which a 2S level
exist. In the right panel of fig.. (5) I compare the numerically computed suppression factor
to the absorption rate due to the imaginary part on the in-medium level. Contrary to
the ground state, the rate is not saturated by the in-medium level, and there are large
oscillations around this decay. The period of those agrees with the real part of the in-
medium 1S level, which reveal their origin. Furthermore, since the imaginary part of the
1S level is smaller than the 2S one, the ground state contribution grows at late times.

In summary, by comparing the suppression patterns of a medium-brick characterized by
a real quarkonia potential to that with an imaginary part with the same screening parameter
µD I conclude not only that the non-unitarity effects introduced by the complex potential are
very efficient in suppressing quarkonia. Even a relatively small imaginary part has dramatic
consequences in the late time suppression of quarkonia, specially for long lived medium-
bricks. On the contrary, for short lived bricks, less than the formation time, the differences
between these two models of the medium are not so dramatic. Additionally, I have shown
that even though the ground state suppression is easy to understand in therms of in-medium
bound states, the suppression of excited states, such as 2S-wave levels, has a much more
richer structure which arises from the contribution of more than the corresponding 2S-state
in-medium level, but also by the ground state, which in some cases become dominant.

5 Quarkonia Suppression in an Expanding Medium

The analysis of the static brick of the previous section, for which the medium parameters
are kept fixed during the medium life time show that the in-medium suppressions pattern
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Since the relative magnitude of the imaginary part of the potential in the vicinity of
Tc is currently unknown, I will explore a (real) Yukawa potential, which encodes the color
screening effects in the plasma.

VR(r) = �↵
e�µDr

r
(3.1)

with µD the Debye screening length of the plasma, which characterizes the thermal state.
This potential coincides with the real part of the perturbative potential, up to a constant
which is irrelevant for the temporal evolution. According to our assumption on the vacuum
wave functions, we will consider the coulomb potential µD = 0 as the vacuum potential.

The screening of the quark color charge in the plasma leads to the disappearance of
vacuum quarkonia states. By solving the eigenvalue problem for different values of µD, the
biding energy of the ground state and the first excited state are determined, left panel of
Fig. (1). According to the general expectations, excited states dissolved at lower plasma
temperatures than the ground state. In the left panel of Fig. (1) I show the spectral function
G of the corresponding Schrödinger equation. For illustration porpoises, we have evaluated
it at EI = E � i✏ with ✏ = 0.02Eb and Eb = ↵2M/4 the binding energy of the vacuum
ground state. At zero temperature (thin solid line), the spectral function shows several
energy levels (the higher n excitations overlap because of the finite value of ✏). As the
Debye screening length increases, the excited states disappear and the ground state moves
towards threshold. The reduction of the biding energy is accompanied by a reduction of the
spectral strength, which coincides with a reduction of the modulus of the wave in-medium
wave function at the origin. Quarkonia states are thus expected to be suppressed in the
medium even if they remain bound at finite temperature.

In order to study the effect of a complex in-medium potential, I also analyze a potential
which differs from the Yukawa one, eq. (3.1) by an imaginary part,

VI(r) = �↵

✓
e�µDr

r
+ iµD �(µDr)

◆
. (3.2)

with

�(r) =

Z 1

0
dz

z

(z2 + 1)2

✓
1� sin(zr)

zr

◆
(3.3)
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• 2S suppression smaller than 1S one at high T due to:

• Contribution of in-medium 1S (if bound)
• Wider vacuum wave function (if 1S is unbound)

• 2S formation is strongly influenced by in-medium ground state

• The oscillations are due to interference with 1S states
• Late time suppression for VI falls with the 1S width.
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
boost invariant plasmas, a common approximation in describing hydrodynamic evolution
in heavy ion collisions, I will assume a time dependence of the µD given by

µD(t) = µD0

✓
⌧0

t+ ⌧0

◆1/3

, (5.1)

with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
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whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
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continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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in heavy ion collisions, I will assume a time dependence of the µD given by
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✓
⌧0

t+ ⌧0

◆1/3

, (5.1)

with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
boost invariant plasmas, a common approximation in describing hydrodynamic evolution
in heavy ion collisions, I will assume a time dependence of the µD given by

µD(t) = µD0
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
boost invariant plasmas, a common approximation in describing hydrodynamic evolution
in heavy ion collisions, I will assume a time dependence of the µD given by
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
boost invariant plasmas, a common approximation in describing hydrodynamic evolution
in heavy ion collisions, I will assume a time dependence of the µD given by

µD(t) = µD0

✓
⌧0

t+ ⌧0

◆1/3

, (5.1)

with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
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I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)

– 10 –

• Inspired by Bjorken expansion, we vary 

0.2 0.3 0.4 0.5 0.6 0.7
0.0
0.2
0.4
0.6
0.8
1.0
1.2

mD0 HGeV L

R 1
s

0.2 0.3 0.4 0.5 0.6 0.7
0.0
0.2
0.4
0.6
0.8
1.0
1.2

mD0 HGeV L

R 1
s

Figure 6. Yield suppression of the ground state level as a function of t

develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
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continuously with time, till the medium completely disappears at a given time. I will
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eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
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analysis without questions how approximate they are to those of a realistic potential. To fix
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3
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states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3
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states, Eb = for J/ and ⌥.
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assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
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estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3
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states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
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brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3
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states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
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continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
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• VI leads to a strong suppression of 1S states.

• Most of the suppression happens in the pre-formation stage

• tTC< 2π/Eb for µD0 < 0.5 GeV

• The suppression of the 2S states shows non monotonic behavior

• For VR, it reflects the oscillations at fixed µD

• The suppression is insensitive to the hottest part of the 
evolution.
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Figure 7. Yield suppression of the ground state level as a function of t
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Figure 9. Yield suppression of the ground state level as a function of t

I show the suppression of the ⌥ (left) and J/ (right )states both for real (dashed) and
complex potentials (solid), as a function of the initial screening length µD0
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
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in heavy ion collisions, I will assume a time dependence of the µD given by
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
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Varying the Initial µD0 

VI
VR

• VI leads to a strong suppression of 1S states.

• Most of the suppression happens in the pre-formation stage

• tTC< 2π/Eb for µD0 < 0.5 GeV

• The suppression of the 2S states shows non monotonic behavior

• For VR, it reflects the oscillations at fixed µD

• The suppression is insensitive to the hottest part of the 
evolution.
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• 2S are dissolved.
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Figure 9. Yield suppression of the ground state level as a function of t

I show the suppression of the ⌥ (left) and J/ (right )states both for real (dashed) and
complex potentials (solid), as a function of the initial screening length µD0
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
boost invariant plasmas, a common approximation in describing hydrodynamic evolution
in heavy ion collisions, I will assume a time dependence of the µD given by

µD(t) = µD0

✓
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◆1/3

, (5.1)

with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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Nuclear Absorption

VI
VR

• 1S: smooth b dependence with a strong rise for b>8 fm
• In-medium 1S state is present for all temperatures
• The rise is due to a fireball lifetime less than 2π/Eb

• 2S: some structure remains after transverse plane average

• In-medium 2S state is dissolved for all temperatures
• The rise persists around b=8 fm

• No excess of 2S to 1S since in-medium 1S survives
• Yet, at small b, the double ratio decreases with b.
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I show the suppression of the ⌥ (left) and J/ (right )states both for real (dashed) and
complex potentials (solid), as a function of the initial screening length µD0
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develop in a characteristic time give by the bound vacuum ground state period. A simple
estimate of these times for chamonium and bottomonium bound states, with binding energy
of the order os Eb ⇠ 200 � 300 MeV, yields a typical formation time T ⇠ 4 � 6 fm.
Having in mind any heavy ion physics applications, these times are large, comparable to the
whole fireball lifetime. Thus, in this section I will extend the analysis to and "expanding"
brick, for which I mean an spatially infinite homogeneous medium whose properties change
continuously with time, till the medium completely disappears at a given time. I will
assume that the internal process in the medium are sufficiently fast to keep the medium
thermalized during the expansion (adiabatic approximation). Motivate by the dynamics of
boost invariant plasmas, a common approximation in describing hydrodynamic evolution
in heavy ion collisions, I will assume a time dependence of the µD given by

µD(t) = µD0
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
set physical values for the wave function parameters. Since the goal of this work is not to
describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
inherited by the use of eq. (5.1). As in the static case, I evolve the vacuum wave functions
with the Shödinger equation, eq. (2.7) up to the final time, defined by µD = Tc. In fig. (6)
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with µ0 the initial value of the debye screening length and t0 a thermalization time param-
eter which I will take to be ⌧0 = 0.4 fm. To mimic the deconfinement transition, we will
demand that the brick lifetime coincides with the time in with µD = 175 MeV, the phase
transition temperature. Even though in a collision, after this time the system is still dense,
the in-medium modifications of quarknoia are much smaller, since the medium is confined.

To study the effect of this expansion into the different quarkonia states, we need to
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describe data, I will restrict myself to the coulombic wave functions used in the previous
analysis without questions how approximate they are to those of a realistic potential. To fix
the scale, I will demand identify the r.m.s of the coulombc wave function, rrms =< r2 >1/2,
to be equal to those computed with a realistic vacuum potential [? ]. Using rrms = 0.5 , 0.3

fm for J/ and ⌥ respectively, the effective ↵ is different for charm and bottom bound
states, ↵ = 1 , 0.5 respectively. This value also sets the binding energies of both ground
states, Eb = for J/ and ⌥.

I now repeat the analysis in the previous section with the time dependent potential
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• 1S: smooth b dependence with a strong rise for b>8 fm
• In-medium 1S state is present for all temperatures
• The rise is due to a fireball lifetime less than 2π/Eb

• 2S: some structure remains after transverse plane average

• In-medium 2S state is dissolved for all temperatures
• The rise persists around b=8 fm

• No excess of 2S to 1S since in-medium 1S survives
• Yet, at small b, the double ratio decreases with b.
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Conclusions

• Relevant formation times of quarkonia states are long.

• Suppression of 1S states is dominated by in-medium 1S states

• Production of 2S states are also influence by in-medium 1S

• Interplay between 2S and 1S leads to non-trivial structure

• An enhancement of 2S states can occur

• For close to threshold in-medium 1S states
• Absence of states in plasma

• Production of quarkonia in HI have limited sensitivity to 
in medium potential

• Expansion reduces the sensitivity to the early very high 
temperature part of the evolution
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