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Abstract. There are many interesting problems in heavy-ion collisions and in cosmol-
ogy that involve the interaction of a heavy particle with a medium. An example is the
dissociation of heavy quarkonium seen in heavy-ion collisions. This was believed to be
due to the screening of chromoelectric fields that prevents the heavy quarks from bind-
ing, however in the last years several perturbative and lattice computations have pointed
out to the possibility that dissociation is due to the finite lifetime of a quarkonium state
inside the medium. Regarding cosmology, the study of the behavior of heavy Majorana
neutrinos in a hot medium is important to understand if this model can explain the origin
of dark matter and the baryon asymmetry. A very convenient way of studying these prob-
lems is with the use of non-relativistic effective field theories (EFTs), 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. In this proceedings I will
review the most important results obtained by applying the EFT formalism to the study
of quarkonium suppression and Majorana neutrinos, I will also discuss how combining
an EFT called potential non-relativistic QCD (pNRQCD) with concepts coming from the
field of open quantum systems it is possible to understand how the population of the
different quarkonium states evolve with time inside a thermal medium.

1 Introduction

Although the energy and time scales are very different one can find very interesting similarities be-
tween the big bang and the little bangs that are created in Ultrarelativistic Heavy-Ion Collisions. Both
systems start in a very hot and dense state and then they expand and cool down. During this expansion
they go through various phases in which the relevant degrees of freedom are different. We can classify
the different phases in the history of the universe and in the evolution of a heavy-ion collision (HIC)
according to their temperature and in this sense we can say that their evolution is a thermal history.

Another similarity is that while we want to study the properties of systems that contain a large
number of particles interacting with each other we can only detect them after the thermal medium
does not exist anymore. To understand such type of environments it is useful to study systems that
can act as probes of the medium, a good probe of the medium would be one that:

• Gives a clear signal that is easy to detect and difficult to confuse with another process.
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Its properties are modified in a substantial way by the existence of the medium.

Examples of this kind of probes are jets in HICs and background radiation photons in cosmology.
In this proceedings we are going to focus on heavy particles as probes of the medium. Some of the
characteristics that make them good probes of the medium are the following:

• When they form bound states these are non-relativistic systems. This implies that they involve
very separated energy scales and therefore they can probe the system at different energy and length
scales.

• Their high mass will make their evolution clearly different to that of light particles, this will make
them more likely to produce out of equilibrium phenomena which might be important.

The examples on which we are going to focus are:

• Heavy Majorana neutrinos in the early universe, which might have an important role in solving
several problems in cosmology (see [1] and references therein).

• Heavy quarkonium in HIC, which were proposed as a signal of the formation of a quark-gluon
plasma [2].

1.1 Effective Field Theories for heavy particles

We can call a particle heavy when its mass is much bigger than a number of other energy scales that
appear in the problem at hand, therefore problems with heavy particles by definition always deal with
very separated energy scales. It is well known that problems can arise when doing computations in
quantum field theory in such cases. For example, if we have two very separated energy scales Λ1 and
Λ2 such that Λ1 � Λ2 and we try to do a naive perturbative expansion in the coupling constant we
can find contributions that diverge as Λ2

Λ1
→ 0. If this happens we can lose control of the perturbative

expansion.
An efficient and systematic way of solving this kind of problems is by using Effective Field Theo-

ries (EFTs) to reorganize the computation [3]. An EFT is a quantum theory that gives the same results
as a more general one (called the full theory) but that is only valid in a limited kinematic regime.
The advantage is that the effects of the high energy degrees of freedom in the EFT are encoded in
the coefficients that multiply the different operators in the Lagrangian and which are called Wilson
coefficients, by looking at the dimensions of the operators one can reorganize the computation as an
expansion on the ratio of the different energy scales. The example of the previous paragraph (heavy
quark scattering) can be studied using the EFTs NRQCD [4, 5] (valid for energies smaller than the
M) and pNRQCD [6, 7] (valid for energies smaller than Mv), by doing so we can reorganize the per-
turbative computation of the scattering in a double expansion in αs and v and in this way we can be
sure of not missing any needed resummation and we can take advantage of suppressions that are not
always obvious in the full theory.

For the specific case we are interested here the use of EFTs have some additional advantages,
the main reason is that they allow to skip some of the additional complications that thermal or non-
equilibrium field theory have in comparison with "normal" quantum field theory. When dealing with
a thermal or non-equilibrium medium the state of the system in only known in a probabilistic way,
this implies that at a quantum level the description has to be done in terms of a density matrix instead
of a vector state, the result of this in a field theory is a doubling of the degrees of freedom with respect
to the vacuum case [8], however if we are in the case M � T the impact of this doubling should be
limited at least for the processes in which energies of order M are involved. In the case M � T (which
is the one in which we focus in this work) the thermal medium does not affects the construction of
the EFT so this part of the computation can be done at T = 0. Moreover, computations in the EFT
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are simpler than in the full theory, for example a non-relativistic particle is described by a bispinor in
QCD while in NRQCD it is just a spinor.

In the next sections we are going to discuss two specific problems in which the interaction of
heavy particles with a medium is important and we are going to show how they can be efficiently
studied using non-relativistic EFTs.

2 Effective Field Theory for heavy Majorana particles in the early universe

The model in which some heavy Majorana neutrinos are added to the standard model is a very in-
teresting one (see [1] for a review) because it can potentially solve many problems of the standard
model. The small mass of active neutrinos (whose order of magnitude can be inferred by neutrino
oscillation experiments) can by explained by the seesaw mechanism [9] if one extends the standard
model by introducing Majorana neutrinos. On top of that the inclusion of this particles breaks the
lepton number conservation, this means that starting from a completely symmetric initial state (as
for example the universe after inflation) it is possible to generate a lepton asymmetry that, through
the sphaleron process, can later be translated into a baryon asymmetry [10]. Precisely the origin of
the higher abundance of particles over antiparticles in the universe is one of the most important open
problems in cosmology. Finally, the high mass and long mean free path of these Majorana neutrinos
make them good dark matter candidates [11].

In order to determine, given a set of parameters, if sterile neutrino are a good dark matter candidate
or if they can generate the needed lepton asymmetry for baryogenesis one needs to take into account
their interaction with the high temperature medium that was the early universe. The computation
of this can be very complicated, for example the generation of a non-zero lepton number involves
the computation of high order diagrams in the perturbative expansion and it is a genuinely quantum
process whose treatment in a hot environment is non trivial. Nevertheless, for reasons we have already
explained in the introduction, we can expect that many simplifications will arise when considering
heavy sterile neutrinos and the EFT formalism is the suitable tool to exploit them. In [12] we proposed
to use an EFT for heavy Majorana particles (a very similar EFT was proposed in[13] ) to study their
interaction with a thermal medium with a temperature much smaller than their mass. In the following
we will discuss this Lagrangian for the case in which there is only one species of heavy Majorana
neutrinos

LEFT = LSM +LN +LN-SM , (1)

where LSM is just the standard model Lagrangian, LN is the part that only involves heavy Majorana
neutrinos and has the form

LN = N̄

iv · ∂ − iΓ(0)
T=0

2

 N + O

(
1
M

)
, (2)

where Γ
(0)
T=0 is the decay width at zero temperature in the heavy-mass limit. All the possible interac-

tions with other particles, and therefore the thermal effects, are due to the last term in eq. (1) which
has the form

LN-SM =
1
M
L

(1)
N-SM +

1
M2L

(2)
N-SM +

1
M3L

(3)
N-SM + O

(
1

M4

)
, (3)

where L(n)
N-SM includes all operators of dimension 4 + n. The fact that sterile neutrinos are not charged

under any gauge group makes that all their interaction with low energy standard model particles
(particles in the medium will have an energy much smaller than the mass of the sterile neutrinos) that
respect the symmetries of the problem (for example Lorentz and gauge invariance) involves operators
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of dimension greater than 4 and therefore they are suppressed by inverse powers of the heavy neutrino
mass M. The lowest dimension of such operators is

L
(1)
N-SM = a N̄N φ†φ , (4)

which involves the interaction with the Higgs particle represented by φ.
The first application in [12] was to compute the thermal corrections to the decay width, this result

was already known [14, 15] but we wanted to have a non-trivial cross-check of the applicability of this
EFT. An advantage of using an EFT for this computation is that just by looking at the dimension of
the operator we can already predict the size of the thermal corrections that it will produce, therefore
if we just want the leading order thermal corrections in the limit M � T it is enough to consider
the term in eq. (4) as the influence of other terms will be suppressed by higher powers of T

M . The
correction to the decay width coming from the term in eq. (4) will be of order T 2

M and it will be
only sensitive to the interaction of heavy Majorana neutrinos with low energy Higgs particles. By
symmetry considerations it can be seen that it is impossible to construct a dimension 6 operator that
would give a contribution in an isotropic and static plasma, therefore the next correction to the decay
width in the heavy mass expansion will go like T 4

M3 and will come from the term L(3)
N-SM which has the

form

L
(3)
N-SM = b N̄N

(
v · Dφ†

) (
v · Dφ

)
+c f f ′

1

[(
N̄PL iv · DL f

) (
L̄ f ′PRN

)
+

(
N̄PR iv · DLc

f ′
) (

L̄c
f PLN

)]
+c f f ′

2

[(
N̄PL γµγν iv · DL f

) (
L̄ f ′ γ

νγµ PRN
)

+
(
N̄PR γµγν iv · DLc

f ′
) (

L̄c
f γ

νγµ PLN
)]

+c3 N̄N
(
t̄PL v

µvνγµ iDνt
)

+ c4 N̄N
(
Q̄PR v

µvνγµ iDνQ
)

+c5 N̄ γ5γµ N
(
t̄PL v · γ iDµt

)
+ c6 N̄ γ5γµ N

(
Q̄PR v · γ iDµQ

)
+c7 N̄ γ5γµ N

(
t̄PL γµ iv · Dt

)
+ c8 N̄ γ5γµ N

(
Q̄PR γµ iv · DQ

)
−d1 N̄N vµvνWa

αµWaαν − d2 N̄N vµvνFαµFαν

+d3 N̄N Wa
µνW

a µν + d4 N̄N FµνFµν . (5)

The fields Wa
µν and Fµν are the field strength tensors of the SU(2) gauge fields, Aa

µ, and U(1) gauge
fields, Bµ, respectively. For the operators multiplying c f f ′

1 and c f f ′

2 the SU(2) indices of L f and L̄ f ′

(representing light leptons) are contracted with each other while their Lorentz indices are contracted
with gamma matrices and Majorana fields. Finally Q and t are respectively the right-handed quark
doublet and the left-handed top (we only consider the top quark because its Yukawa coupling is much
bigger than that of the others quarks).

All the information that was needed in order to construct this Lagrangian comes from the symme-
tries of the problem and from the knowledge of which are the active degrees of freedom. The only
missing piece of information is encoded in the constants that multiply the different operators, which
are called Wilson coefficients. In order to determine them we need to do some computation in the full
theory (for example a scattering matrix element) and to find the coefficients that will make the EFT
reproduce the same result, this procedure is called matching. Because the Wilson coefficients only
encode the physics that happen at the scale M they can be determined doing a T = 0 computation
and this is a great advantage as computations in thermal field theory are much more complicated. The
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matching of the coefficients that are needed in order to determine the corrections to the decay width
was done in [12] and the values are shown there.

Now that we know the form of the EFT Lagrangian we can use it to determine the corrections to
the decay width. The first correction in the heavy mass expansion is given by

ΓT,LO = 2
Im a
M
〈φ†(0)φ(0)〉T = −

|F|2λT 2

8πM
. (6)

This coincides with the results on [14, 15]. Note that while in these references the result was obtained
after a two loop computation in thermal field theory by using an EFT we decomposed it in two simpler
steps

• A one loop computation at T = 0 to obtain Im a.

• A one loop computation in thermal field theory to obtain 〈φ†(0)φ(0)〉T .

Results of higher order in the heavy mass expansion can be obtained by including the terms in eq. (5)

ΓT =
|F|2M

8π

−λ ( T
M

)2

+
λ

2

~k 2 T 2

M4 −
π2

80

( T
M

)4

(3g2 + g′ 2) −
7π2

60

( T
M

)4

|λt |
2

 . (7)

2.1 The lepton asymmetry

The EFT we have discussed is a very powerful tool to compute thermal corrections to any process
involving the interaction of heavy Majorana neutrinos with a thermal medium. The computation of
the corrections to the decay width was our way to cross-check the exactness of the EFT and we have
seen the we correctly reproduce the results of full theory calculations in a simpler way. The next step
is to apply this technique to quantities that were not yet known and whose computation using just
the full theory would be prohibitively difficult, an example of this is the lepton asymmetry that was
discussed in [16, 17]. The lepton asymmetry is a quantity that measures how much more likely is the
decay of a Majorana neutrino into leptons than to antileptons and is defined by

εI =

∑
f Γ(νR,I → ` f + X) − Γ(νR,I → ¯̀ f + X)∑
f Γ(νR,I → ` f + X) + Γ(νR,I → ¯̀ f + X)

. (8)

The sum runs over the SM lepton flavours, νR,I stands for the I-th heavy right-handed neutrino species,
` f is a SM lepton with flavour f and X stands for any other SM particle not carrying a lepton number.
This is a quantity that can be used as an input parameter to determine (via a Boltzmann equation or
similar techniques [18]) what would be the number of leptons produced by Majorana particles in the
early universe, this lepton asymmetry combined with the sphaleron process can give rise to the baryon
asymmetry observed nowadays.

The computation of eq. (8) at T = 0 already involves a two loop computation [10], if we were to
compute its thermal corrections without using EFT techniques it would involve a three loop computa-
tion in thermal field theory, which is probably out of reach. However using the previously discussed
EFT (whose extension to several heavy Majorana species is trivial) we can compute the leading order
thermal correction by performing:

• A T = 0 two loop computation to determine corrections to the Wilson coefficients.

• A one loop computation in thermal field theory to determine the expectation value of the EFT
operators.
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Moreover, if we are only interested in the leading order corrections in the heavy mass limit (corrections
that go like T 2

M2 ) then we only have to focus in following pieces of the Lagrangian

LEFT = LSM + N̄I (iv · ∂ − δMI) NI +
iΓT=0

IJ

2
N̄I NJ +

aIJ

MI
N̄I NJφ

†φ + . . . , (9)

where the dots stand for operators of dimension bigger than 5. In writing the previous equation we
have chosen to use the basis in which neutrino masses are diagonal. As seen by inspection, this does
not necessarily coincide with the basis in which the rest of operators are diagonal.

The contributions to eq. (8) can be divided into two types, direct and indirect. Qualitatively
they can be distinguished because the indirect is the one that gets enhanced when the masses are
degenerate, we are not going to comment many details about the indirect asymmetry, in [16] it is
shown that the Wilson coefficients from the EFT needed to get this contribution are the non-diagonal
elements of ΓT=0

IJ and aIJ and the matching computation needed to get them is very similar to the one
that is needed to predict the thermal corrections to the decay width.

Regarding the correction to the direct lepton asymmetry, its thermal correction can be written in
this way

δεI =
4〈φ†(0)φ(0)〉T
MI(Γl

II + Γl̄
II)

2
(Im al

IIΓ
l̄
II − Im al̄

IIΓ
l
II) , (10)

where Γ has to be understood as ΓT=0 and the superscript l or l̄ means respectively decay into leptons
or to antileptons (this information can be retained during the matching process by using the cutting
rules). What simplifies the computation dramatically is that both ΓT=0 and Im a can be computed
without taking into account the complications of thermal field theory. The almost degenerate masses
case was studied in [16], it was found

εT
1,direct =

Im
[
(F∗1F2)2

]
8π|F1|

2

( T
M

)2 {
λ

[
2 − ln 2 + (1 − 3 ln 2)

∆

M

]
−
g2

16

[
2 − ln 2 + (3 − 5 ln 2)

∆

M

]
−
g′2

48

[
4 − ln 2 + (1 − 5 ln 2)

∆

M

]}
, (11)

where M = M1 and Λ = M2 − M1.The hierarchical case M2 � M1 was studied in [17] giving the
result

εT = −
3

16π
M1

M2

Im
[
(F∗1F2)2

]
|F1|

2

(−5
3
λ +

2g2 + g′2

12

) (
T

M1

)2

+
7π2

20
|λt |

2
(

T
M1

)4 . (12)

3 Effective Field Theories for heavy quarkonium in heavy-ion collisions

The suppression of heavy quarkonium as a signal of the formation of a quark-gluon plasma was first
proposed by Matsui and Satz in [19], it was based on the idea that the screening of the potential will
suppress the interaction between the quark and the antiquark and therefore they will not bind. In
perturbation theory screening means that we go from a Coulomb-type potential to a Yukawa-type

V(r) ∝ −αsCF
e−mDr

r
, (13)

where mD is the Debye mass, as this mass gets larger the number of bound states that can be formed
diminishes.
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The phenomenon of screening tells us that some of the bound states that exist in a vacuum can not
exists in a medium above a given temperature, however it can also happen that even if the state still ex-
its in a medium its lifetime can be smaller than that of the fireball formed in heavy-ion collisions. The
decay width of the more bound quarkonium states in the vacuum is very long however this can change
dramatically at finite temperature if new decay channels are open. The computation in [20] showed
that the potential of quarkonium (defined as the Wilson loop in Minkowski space) has an imaginary
part that is related to a medium induced decay width of quarkonium, this is order of magnitude bigger
than what is found in the vacuum at can be very efficient in dissociating quarkonium.

There is a very important detail that we have neglected in the previous discussion. We have been
talking about the potential of quarkonium in a medium but it is not obvious at all that the evolution of
quarkonium fulfills a Schrödinger equation or that thermal modifications can be encoded in a modifi-
cation of the potential. In fact there is a long discussion on what is the correct input from Lattice QCD
in order to extract quarkonium potential, the free energy or the internal energy (see [21] for a recent
discussion). In order to give a systematic answer different groups started to apply non-relativistic
EFTs to this problem [22, 23] because a similar strategy was already, and successfully, applied in the
vacuum to answer similar problems.

Let us review now the non-relativistic EFTs used in the vacuum. There are three energy scales
relevant for the study of quarkonium. The scale of the heavy quark mass M, called the hard scale. The
scale of the typical three-momentum or inverse of the typical radius 1

r , called the soft scale. Finally
the scale of the binding energy E or ultrasoft scale.

• NRQCD [4, 5] is the theory that is obtained after integrating out the hard scale. Its degrees of
freedom are (apart from gluons and light quarks) a field for heavy quarks and another for heavy
antiquarks which are normal spinors instead of bispinors. This EFT is often use to compute quarko-
nium production cross-sections.

• pNRQCD [6, 7] is the theory obtained from NRQCD when the soft scale is also integrated out. In
this theory the degrees of freedom are a quantum field for color singlets and another for color octets,
the reason is that gluons with an ultrasoft energy can not longer distinguish the heavy quark and
antiquark and they are only sensitive to the full color state of the combination. pNRQCD has been
used to obtain predictions for the spectroscopy and the decays of quarkonium.

The question on the limits a potential model gets a very precise answer in the EFT formalism. The
evolution of the singlet at leading order in the ratio of energy scales is given by a Schrödinger equation
and the potential is just a Wilson coefficient of pNRQCD that as any coefficient in a quantum field
theory is affected by renormalization. However in pNRQCD there are also higher order contributions,
suppressed by a factor (rE)2, which can not be described by a potential model and that represent the
interaction of the singlet field with ultrasoft gluons.

In order to apply a similar program at finite temperature one has to recognize the energy scales
induced by the medium, in a perturbative plasma we have the temperature T and the Debye mass
mD ∼ gT . There is yet another smaller scale (of order g2T ) that is non-perturbative even in the limit
g→ 0 but we are not taking it into account in the present discussion. Different physical situations will
arise depending on the relation of these energy scales with the scales of heavy quarkonium physics.

3.1 The case 1
r � T � E � mD

This case was studied in detail in [24]. In this temperature regime neither the hard nor the soft scales
are affected by the temperature, so we can use as starting point the same pNRQCD Lagrangian as in
the vacuum. This means that thermal effects are a perturbation. The first thermal corrections to the
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binding energy are of order αsr T E and they include terms that can not be encoded in a potential
which are similar to the Bethe logs that appear in the Lamb shift.

Regarding the decay width, it is dominated by a process called gluo-dissociation [25, 26], in this
process the singlet field absorbs a gluon from the medium and turns into an octet. In this case it also
happens that part of the corrections can not be encoded in a potential.

The results of [24] were compared with a lattice computation in [27] finding a reasonable agree-
ment.

3.2 The case 1
r � T � mD � E

This case is conceptually quite similar to the previous one, the main difference are the following:

• Up to very small corrections compared to the leading order thermal effects all medium modifications
can be encoded in potential because all thermal scales are bigger than the binding energy.

• The decay width is dominated by inelastic parton scattering [28], this is the process in which a
singlet scatters with a parton in the medium (that can be either a gluon or a quark) and as a result
an octet and a parton is obtained. This process is αs suppressed with respect to gluo-dissociation,
however at high temperatures the phase space for this process is much bigger. The EFT power
counting correctly predicts that for mD � T this is the dominant process.

3.3 The case T ∼ 1
r

In this case it is still true that the hard scale is unaffected by the medium so the T = 0 NRQCD La-
grangian can still be used as a starting point. However the matching between NRQCD and pNRQCD
will be affected by the temperature. In consequence, the singlet potential will get thermal corrections.
These corrections are suppressed by an additional power of αs in perturbation theory but not by any
ratio of energy scales as happens in the 1

r � T case, the physical reason is that now the particles in
the medium can already resolve separately the quark from the antiquark.

The potential in this temperature regime (both real and imaginary part) was studied in the anal-
ogous case of muonic hydrogen [29] (that can be understood as an Abelian version of quarkonium).
The cross-section and decay width in this regime for quarkonium was studied in [28].

3.4 The case T � 1
r ∼ mD

In this case both the matching between QCD and NRQCD and between NRQCD and pNRQCD are
affected by the medium. From the point of view of particles with an energy of order T the heavy quark
and antiquark are seen as very separated entities, for this reason the leading thermal modification to
the NRQCD Lagrangian is just a mass redefinition that has very little phenomenological impact [29].
However the singlet potential gets a contribution from the scale mD that is of the same order as the
vacuum part even in perturbation theory. Indeed the potential computed in EFT at this temperature
regime [22, 23] coincide with the complex potential that was previously computed in [20].

3.5 Towards a computation of quarkonium nuclear modification factor in Effective Field
Theory

Until now we have discussed mediums in thermal equilibrium and corrections to the binding energy
and decay widths of quarkonium. These are very important quantities in order to understand if a
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quarkonium state will exists at a given temperature and to compare with lattice computations. How-
ever what is observed in experiments is the nuclear modification factor RAA which is a measure of how
many bound states are observed in a heavy-ion collision compared to a proton-proton collision. To
compute this we need to study the evolution with time of quarkonium in a non-equilibrium plasma.

The binding energy and the decay width can be computed by looking at the pole of the time-
ordered singlet propagator exactly in the same way as we would do it at T = 0. However to compute
the evolution of quarkonium in a non-equilibrium plasma we have to do something quite different.
For example, to know about the color singlets states at a given time we have to look at the expectation
value

fs(x, y) = Tr(ρS †(x)S (y)) , (14)

where S is the color singlet field that appears in the pNRQCD Lagrangian and x and y refer to the
relative coordinate as for the time being we ignore the center of mass movement. The previous expec-
tation value has a natural interpretation in the framework of open quantum systems as the projection
of the heavy quark reduced density matrix (the one that is obtained after doing a partial trace over
gluon and light quarks degrees of freedom) into the subspace in which there is at least a singlet. Open
quantum systems where introduced in the topic of quarkonium suppression in [30] and is a formalism
that is often used in other fields of physics as quantum optics and many-body quantum theory.

In the work in preparation [31] we focus on the case 1
r � T . As we already mentioned, we can

use the T = 0 pNRQCD Lagrangian to study this situation. Using the pNRQCD equations we can
compute the evolution of fs

∂t fs = −i[Hs, fs] −
1
2
{Γs, fs} + F ( fo) , (15)

the different parts of the right hand side of this equation have the following meaning:

• The term −i[Hs, fs] represents the unitary evolution that does not modify the total number of sin-
glets. Hs consist in the T = 0 Hamiltonian (kinetic term plus Coulomb potential) plus a thermal
correction proportional to r2.

• − 1
2 {Γs, fs} is the effect of the decay width whose details have already been commented in the previ-

ous subsections.

• F ( fo) is a term that creates singlets if there are octets in the medium. This term is related with part
of the decay width of the octet in such a way that the total number of quarkonium states (singlets
plus octets) is conserved.

Eq. (15) is not a closed equation, in order to solve it we also need information about the octets. fo is
defined as

f ab
o (x, y) = Tr(ρO†,a(x)Ob(y)) , (16)

and its evolution equation is

∂t fo = −i[Ho, fo] −
1
2
{Γo, fo} + F1( fs) + F2( fo) . (17)

The different terms of eq. (17) have a very similar physical interpretation as in eq. (15). A remarkable
consequence of the symmetries that constrain the construction of pNRQCD is that all the thermal
information in these two evolution equations can be encoded in the correlator of two chromo-electric
fields.

The explicit form of eqs. (15) and (17) can be very complex but there is a specific temperature
regime in which many simplifications are possible, this is 1

r � T � E. This case is even simple in
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the strong coupling regime as long as one assumes that all energy scales induced by the medium are
bigger than the binding energy. In this case one can combine fs and fo in single matrix ρ which is
diagonal by boxes and where one box corresponds to fs and another to fo. This matrix fulfills the
equation

∂tρ = −i[H(γ), ρ] +
∑

k

(CkρC†k −
1
2
{C†kCk, ρ}) . (18)

This expression has the form of a Lindblad equation [32]. This appears under very general assump-
tions (trace conservation, Markovian evolution...). The operators Ck are called collapse operators and
this specific case they have the form

C0
i =

√
κ(t)

N2
c − 1

ri
(

0 1√
N2

c − 1 0

)
, (19)

for the transition between singlets and octets, and

C1
i =

√
(N2

c − 4)κ(t)
2(N2

c − 1)
ri

(
0 0
0 1

)
, (20)

for the transition between different octets states. This structure has a simple physical interpretation as
a singlet that absorbs or emits a gluon will always turn into an octet while an octet doing the same can
either turn into a singlet or remain being an octet. The Hamiltonian that enters the Lindblad equation
can be written as

H =

(
hs 0
0 ho

)
+

r2

2
γ(t)

 1 0
0 N2

c−2
2(N2

c−1)

 , (21)

where hs and ho are the corresponding T = 0 Hamiltonians. In conclusion, in this temperature regime
all the information that we need from the medium can be encoded in the functions γ(t) and κ(t).
In fact κ(t) is a quantity that is also important for heavy quark diffusion [33] and has recently be
computed on the lattice [34]. In order to make some predictions we also need to give some initial
conditions and some information about the thermal evolution of the medium. We assume that the
system thermalizes suddenly at t0 = 0.6 fm and afterwards it follows a Bjorken-type evolution [35].
For the initial conditions we assume that at t = 0 both fs and fo are proportional to a Dirac delta in
r because the production process happens at very small distances and that fo

fs
= αsδ where δ is an

unknown constant.
In table 1 we show the results for different values of κ, γ and δ. We have chosen not to look at the

most central collisions in order to avoid not fulfilling the condition 1
r � T . We use a temperature at t0

of 425 MeV for the 30 − 50% centrality case and of 304 MeV for the 50 − 100% centrality case. The
results on the table are also corrected for feed-down following the same procedure as in [36]. We see
that from all the entries in the table the one that gets closer to what is observed in experiments [37] is
the last one. The numerical computation has been performed using the library QuTip [38, 39].

4 Conclusions

We have seen that EFTs are very useful techniques to study the interaction of heavy particles with
a thermal medium. In both cosmology and heavy ion collisions there are several problems in which
this physics is important. One of the main advantages is that it allows to clearly and systematically
separate the high energy scales that are not modified by the medium from the low energy ones which
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50% centrality 100% centrality
κ

T 3
γ

T 3 δ RAA(1S ) RAA(2S )
RAA(1S )

RAA(3S )
RAA(1S ) RAA(1S ) RAA(2S )

RAA(1S )
RAA(3S )
RAA(1S )

2.5 −7.2 1 0.0317 0.550 0.492 0.578 0.696 0.650
25 −7.2 1 0.000262 1.87 2.89 0.183 0.488 0.439

0.25 −7.2 1 0.0643 0.719 0.731 0.664 0.849 0.824
2.5 −72 1 1.42 1.53 5.53 0.0426 0.944 1.13
2.5 −0.72 1 0.204 0.165 0.138 0.799 0.604 0.555
2.5 −7.2 0.1 0.0316 0.550 0.490 0.578 0.696 0.650
2.5 −7.2 10 0.0317 0.550 0.505 0.579 0.695 0.650
0.25 −0.72 1 0.699 0.235 0.194 0.940 0.927 0.914

Table 1. Results for RAA for different values of κ, γ and δ.

are crucially affected. An example of how useful and powerful this method is can be seen in our
discussion about heavy Majorana neutrinos in the early universe where we computed the thermal
corrections to the direct lepton asymmetry, a result that would have been much more difficult to obtain
without using EFTs.

Regarding the very interesting case of quarkonium suppression in a medium, we have seen that
we have quite good understanding of the physics in thermal equilibrium. We can compute thermal
corrections in perturbation theory, in some cases up to next-to-leading order, of the binding energy and
the decay width. We have reported recent advances in understanding the evolution of quarkonium in
an out of equilibrium medium and how this can be used to make prediction of the nuclear modification
factor observed in experiments.
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