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The dissociation of heavy quarkonium seen in heavy-ion collisions is a phenomena that allows
to extract information of the produced thermal medium. This was believed to be due to the
screening of the static potential, but recently perturbative computations and some lattice studies
have pointed out to the possibility of having an imaginary part of the potential that would also
contribute to dissociation. In recent years a program to study heavy quarkonium with the use of
non-relativistic effective field theories has been started, this allows to make the computations in
a more systematic way by defining a more suitable power counting and making it more difficult
to miss necessary resummations. With these techniques the picture of the imaginary potential
has been confirmed and a complete study from very low temperatures up to dissociation has been
performed for the perturbative case, finding the different energy shifts and decay widths for the
different temperature regimes. In these proceedings a review of these results will be given, with
special focus on the more recent developments, as the connection between the imaginary part
and the cross-section used in phenomenological models and the effect of having a finite velocity
between the medium and the heavy quarkonium.
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1. Introduction

Since the original proposal of [1] a lot of effort has been devoted to the study of heavy quarko-
nium as a signal of deconfinement. Recently several groups have started to use the ideas of Effec-
tive Field Theories (EFT), which has been very successful in the vacuum (see [2] and references
therein), to the problem of finite temperature Quarkonia [3, 4]. This approach exploits the fact
that there are three different and well separated energy scales in heavy quarkonium because it is a
non-relativistic system. These scales are the mass of the heavy quark m, the inverse of the typical
radius 1/r and the binding energy E, and they fulfil m > 1/r > E. To highlight the convenience
of using these techniques let us consider the example of the computation of the binding energy E,
if we compute this quantity directly using pQCD we would obtain a perturbative series

E=may ) ofA,(v), (1.1)
n=0
where A,, are the coefficients of the perturbative expansion that depend on the velocity around the
center of mass v. In a non-relativistic system as heavy quarkonium v is small and nothing prevents
A, to go to o as v — 0. When this happens we lose control of the naive perturbative expansion.
This problems is automatically solved when using EFT because one can define a power counting
in such a way that the computation is organized in powers of both ¢ and v.

When the temperature is introduced, one has to take into account how big or small are the
temperature induced energy scales compared to the ones that already appear at 7 = 0. For T >
1/r ~ mp, where mp the Debye mass, the computations in EFT [3, 4] confirmed the existence of
an imaginary part in the perturbative static potential first computed in [5], identified as the mean
dissociation mechanism. In the 1/r > T case the EFT computations [3, 4, 6] found next-to-leading
order corrections both to the binding energy and to the decay width which can be important for
LHC physics and in the particular case of 1/r > T > E > mp they have been compared with
lattice computations finding a reasonable agreement [7].

On [8] a review of the application of EFTs to heavy quarkonium at finite temperature can
be found. Here we focus on more recent applications of these techniques. First we are going to
study in section 2 the relation of the decay widths and imaginary parts of potentials that can be
found using EFTs with the cross-section that are often used in phenomenological studies. After
this we are going to discuss in section 3 how thermal effects are modified when heavy quarkonium
is moving with a finite momentum with respect to the thermal bath. Finally the conclusions will be
given in section 4.

2. From decay widths to cross sections.

In the EFT approach two different mechanism that dissociate heavy quarkonium were iden-
tified [4], the singlet-to-octet thermal break-up and the effect of Landau damping on the static
potential. However, previous studies in the literature used a different method to compute this decay
width. First, a perturbative cross section o is used. The perturbative cross section may be modified,
for example, to use thermal masses instead of the vacuum values or to take o as a free parameter.
Then this cross section is related with the decay width I' by convoluting it with the corresponding
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parton distribution function, n(k)

3
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Using this approach two different mechanism were identified, the gluo-dissociation [9] with corre-
sponds to the process g + HQ — Q + Q (HQ=Heavy quarkonium), and the quasi-free dissociation
[10] which corresponds to the process p +HQ — p+ Q+ Q where p is a parton that can be either
a light quark or a gluon. These two mechanisms have been used in a number of phenomenological
comparisons to the LHC data, see Ref. [11, 12, 13, 14].

The aim of this section is to determine the relation between these two different approaches
and find the cross section that can reproduce the EFT results. This will clarify which additional
information is obtained by using EFT and also the relation between the quasi-free dissociation
cross section and the imaginary part of the potential.

2.1 Gluo-dissociation

Gluo-dissociation (g + HQ — Q + Q ) was identified as a relevant mechanism for the in-
medium decay of Quarkonia in [9]. There they use for the cross section the computation found
in [15]. Several approximations were done in doing this. First, the interaction between the heavy
quarkonium and the gluon is taken as a color dipole. Indeed, in the EFT approach one uses in this
situation pNRQCD [16] in which a multipole expansion of the gauge fields is performed, which at
this level of accuracy is equivalent to a color dipole approximation. A second approximation that
was done in [15] was to use the large N, limit, in this case what this assumption does is to suppress
the interaction between the Q and Q that appear in the final state because in the large N, limit the
octet potential vanish.

In the EFT computation a decay width in the 7 ~ E regime [3] was found, which can be
identified with the effect of gluo-dissociation

_ g>Cr
R¥
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r, (ol | B = 1| a1y = 1) ), 22)

where n is a compact notation to denote all the relevant quantum numbers of heavy quarkonium
and h(()o) is the octet Hamiltonian [16]. The expectation value can be analytically evaluated in the
T > E limit, see [4]. To obtain a cross section from this formula one can make use of the cutting
rules, that also have a finite temperature version [17]. Although the situation is more complicated
when higher orders in perturbation theory are considered, for the diagram we are considering the
application of these cutting rules are quite analogous to what one founds at zero temperature. The
more relevant change is that when integrating over the phase space of the decay one has to multiply
by the np Bose-Einstein (np Fermi-Dirac) distribution function for in-coming gluons (fermions)
and by 1+np (1 —np) for out-going gluons (fermions). For gluo-dissociation the expected structure
is indeed the one shown in eq. (2.1). This can be seen by an explicit computation in pPNRQCD,
by computing the imaginary part of the singlet self-energy one obtains a width’s structure of the
following type

3
r=/ g&mwnmknn» 2.3)
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If the integration over k is performed, the result in eq. (2.2) is recovered. However, one can also
identify the cross sections, such as for the 1S state,

o1s = (IS[Z(K)[1S), (2.4)

which can be computed explicitly by using color octet wave functions, yielding

4p. tan(tk))
ed iy %Cro10 2 2 BV o 2y P (f(k) are
oy (k) = 3 27 p(p+2) kS (#(k)+p7) exp(f(”—k’)))—l g 2.5

where (k) = \/k/|E1| — 1, p = 1/(N? — 1) and E| is the binding energy of the 1S state, this result
was also obtained independently in [12]. A comparison between this cross section and the one
found in [15] can be seen in fig. 1, the conclusion that can be drawn is that for 7 ~ E; or T < E}
the obtained decay width is very sensitive to which cross section is used while for 7 > E; the ratio
between the two cross sections is just a constant.

Figure 1: The function g, which is defined by g(k/|E/|) = 39150 ith aq the Bohr radius, is plotted. The

T 32aCrogag
dashed curve is the N, — oo curve normalized to the values of ay and E; of N, = 3 while the solid curve is
the actual N, = 3 result.

The results of this subsection can be also found in a more extended way in [18].

2.2 Quasi-free dissociation

Quasi-free dissociation is the process p +HQ — p + Q + O, the most commonly used cross
section for this process were derived in [19]. Although this process is in principle suppressed
by o compared to gluo-dissociation the phase-space for this process can be much larger if the
temperature is high.

The cross section computed in [19] is actually the elastic scattering of heavy quarks p+Q —
p+ Q. On the phenomenological applications to heavy ions collisions [10] this cross section has
been adapted to quasi-free dissociation of heavy quarkonium, p +HQ — p + Q + Q, by adding
a quark/antiquark to p+ Q/Q — p + Q/Q and modifying the masses to account for the binding
energy. This approximation is equivalent to ignore the interference term shown in fig. 2. In the
EFT computation this interference term, which is of the same order of magnitude as the other ones,
is also taken into account.

Apart from the cross section itself it is important to know how this is related to the decay
width. According to the cutting rules [17], apart from the heavy quarks we have an in-coming and
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Figure 2: The imaginary part of the potential found in [5] seen as products of scattering matrix elements

an out-going parton, so we would expect a structure of the type

3
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which is different from the one used phenomenologically [10, 13, 14]. If an analysis of the previous
EFT results is performed we found exactly the same result as the one obtained by cutting rules
arguments.

Now on we show the results for the EFT cross section at different temperature regimes, for
the time being we just discuss the process in which the parton is a fermion, the boson case is both
quantitatively and qualitatively very similar. The highest temperature considered hereis 7 > 1/r ~
mp, in this regime the cross section is directly related to the imaginary part of the potential (that
was first found in [5]), note however that the relation we have found between the decay width and
the cross section assumes implicitly that the imaginary part is a perturbation, otherwise one should
take into account the imaginary part of the potential as part of the unperturbed Hamiltonian in the
same way as the Coulomb part is.

dmpal — 16 + 8miaflog (ﬁag)

c¥l (k) = 16nCra2Nrad | 1 - R :

2.7)

so one can see that when the momentum of the incoming parton is bigger that 1/r the value of the
cross section arrives to a plateau (it does not depend on k).
For the temperature regime T ~ 1/r > mp we get

3 2 k2a? 1
6% (k) = 87Cra®Npa? [ —2 421 1 0_)_ log(1 +k2a? 2.8
is (k) FONFay | —5 +2log P +log 1ed)” ed og(l+kap) |, (2.8)
finally for 1/r > T > mp > E our result is
2k
c¥/ (k) = 16nCra’Nra} <log <mD) — 1> , (2.9)

this last result uses the color dipole approximation.
More details about the EFT approach to quasi-free dissociation will be found in [20].

3. Quarkonium dissociation in a moving thermal bath

Heavy quarkonium is believed to be produced in the early stages of the collision before the hot
medium is formed, when heavy quarkonium interacts with the medium it can be affected in two
ways, it can be drifted or it can be dissociated. In the last section we discussed dissociation when
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Figure 3: Real part of the potential at different velocities in the bound state rest frame. On the left panel
we show the dependence in the direction parallel to the movement of the thermal bath while on the right we
show the dependence on the perpendicular direction

the bound states is comoving with the thermal medium, now we are going to study what happens
when they are not comoving. Although it has been seen that drift is important for open heavy flavor
the situation may be different for heavy quarkonium. On one hand this is shown by the perturbative
computation, on the other hand heavy quarkonium is a colorless particle whose size is very small
while open heavy flavour states are not so small.

As before we use the techniques of EFTs to study this problem. This is done in an easier way
by using the reference frame in which the bound state is at rest and the thermal bath is moving with
a velocity v. In this frame the Bose-Einstein (Fermi-Dirac) take the following form for massless

particles
1

f(ﬁ”k‘u) = m:

3.1

where # = %(l,v). The effect of this distribution can be intuitively understood by Doppler effect,
one can define an effective temperature that depend on the direction of the particle. Approaching
particles are seen with a bigger effective temperature while particles going away are seen with a

smaller one
TV1—2
Terr(8,v) = —————. (3.2)
1—vcosO

We focus on the temperature regime 7' > 1/r ~ mp which is the one that is relevant for
dissociation (more details and other temperature regimes are analized in [21]). This was first study
in [22], however only the real part of the potential was taken into account. In the comoving case
dissociation is due to the imaginary part of the potential, so it is more interesting to consider what
happens to this part, however we review the modifications to the real part for completeness. In fig.
3 the real part of the potential is shown for different velocities of the thermal bath in the direction
parallel to the movement of the thermal medium and on the perpendicular one. It can be seen that at
short distances the potential is more steep as the velocity increases and this means that the effect of
screening is more important. Another important observation is that the dependence is anisotropic.
On the parallel direction an oscillatory structure can be seen that is absent in the perpendicular
case.
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Figure 4: Imaginary part of the potential at different velocities in the bound state rest frame. On the left
panel we show the dependence in the direction parallel to the movement of the thermal bath while on the
right we show the dependence on the perpendicular direction

Next we discuss the imaginary part of the potential. The results that we found at different
velocities can be seen in fig. 4. We can see that for moderate velocities the imaginary part of
the potential always increases (this behavior is found up to v = 0.9) but for very large velocities
the situation is not so clear because the answer depends on the distance as well as the direction.
The conclusion is that at moderate velocities dissociation will increase with the momentum. At
very large velocities it seems that the imaginary part of the potential will not be so important and
screening will be relevant to produce dissociation. The effects of this potential will be discussed in
a more quantitative way in a future publication [23].

4. Conclusions

In these proceedings we have discussed some recent developments in the application of EFTs
to the study of heavy quarkonium in the quark-gluon plasma. On section 2 we studied the relation
between the results previously found in EFTs for the decay width and the results found by directly
using 7" = 0 cross sections in a thermal medium. We found that the EFTs results can also be written
in the cross section language and allow us to go beyond some approximations (as for example
the large N, approximation) that were used in the previous computations of these cross sections.
Moreover EFT power counting makes it easier to know which approximations can be done at a
given temperature regime. On section 3 we discussed how dissociation is modified when the bound
state is moving with a given momentum. We found that dissociation increases with velocity up to
v~ 0.9. At very large velocities we see that screening effects will become more important.
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