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1. Introduction

Experiments in past (SPS), present (RHIC) and future (LH@i)ders are attempting to recre-
ate an early condition of the universe known as the quarkrgplasma, where quarks and gluons
exist without being bound into hadrons. Colliders explérezero chemical potential region of the
QCD phase diagram where lattice simulations indicate tlsigmificant increase in the degrees of
freedom happens above a certain critical temperdiure 175 MeV (for a recent review see [1]).

Heavy quarkonium dissociation has been proposed long tjp@s.a clear probe of the quark-
gluon plasma formation in colliders through the measurdrottie dilepton decay-rate signal [2].
Since higher excited quarkonium states are more weaklydthem lower ones, the expectation
is that, as the temperature increases, quarkonium wilbdigge subsequently from the higher to
the lower states providing also a dynamical probe of thelgghron plasma formation (for some
recent experimental data see [3]).

In order to study quarkonium properties in a thermal bathtat@eraturel, the quantity to
be determined is the quarkonium potentfalwhich dictates, through the Schrédinger equation

p2
Ed= <— +v> o, (1.1)
m

the real-time evolution of the wave functieh of a QCS pair in the medium. In the full theory,
V must come from a systematic expansion jmil(non-relativistic expansion), the leading term
being the static potential, and in the enekgyultrasoft expansion). The potential will encode all
contributions from scales larger th&and smaller thamn. If the temperature lies in this range,
the potential will depend on it, if the temperature is smalfen or of the same order & the
potential will be temperature independent.

The expansions in/nandE are bestimplemented in QCD by means of effective field tlesori
(EFTSs), very much in the same way as this has been done intordescribe quarkonium physics at
zero temperature [4]. In the EFTs, the full dynamics will berencomplicated than the Schrodinger
equation (1.1), since the EFTs will account both for potdrdind/or non-potential interactions.
However, Eq. (1.1) will provide the correct leading-ordgndmics.

In the last two years, there has been a remarkable progresmatructing EFTs for quarko-
nium at finite temperature and in rigorously defining the gaaium potential. In [5, 6], the static
potential was calculated in the regiriie> 1/r > mp, wheremp is the Debye mass ardthe
guark-antiquark distance, by performing an analyticaltiomation of the Euclidean Wilson loop
to real time. The calculation was done in the weak-couplegummed perturbation theory. The
imaginary part of the gluon self energy gives an imaginany gathe static potential and hence a
thermal width to the quark-antiquark bound state. In theestlamework, the dilepton production
rate for charmonium and bottomonium was calculated in [7]|r8]9], static particles in real-time
formalism were considered and the potential for distanges~1mp was derived for a hot QED
plasma. The real part of the static potential was found teegrith the singlet free energy and the
damping factor with the one found in [5]. In [10], a study ofinadl states in a hot QED plasma was
performed in a non-relativistic EFT framework. In partalthe hydrogen atom was studied for
temperatures ranging from < ma? to T ~ m, where the imaginary part of the potential becomes
larger than the real part and the hydrogen ceases to exigEFArframework in real time and weak
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Figure 1: Quarkonium at finite temperature: energy scales and EFTs.

coupling for quarkonium at finite temperature was develdpgil1]; in the rest of the presentation,
we will follow closely that approach.

2. Scales and effective field theories

Quarkonium in a medium is characterized by different enargy momentum scales; there are
the scales of the non-relativistic bound statés(the relative heavy-quark velocityin, the heavy
quark massmy, the scale of the typical inverse distance between the hgasyk and antiquark,
m\?, the scale of the typical binding energy or potential anddioenergy scale, and there are the
thermodynamical scales: the temperaflirehe inverse of the screening length of the chromoelec-
tric interactions, i.e. the Debye masp and lower scales, which we will neglect in the following.

If these scales are hierarchically ordered, then we mayrekphysical observables in the ratio
of the scales. If we separate explicitly the contributiomsrf the different scales at the Lagrangian
level this amounts to substituting QCD with a hierarchy offEFwhich are equivalent to QCD
order by order in the expansion parameters. At zero temperttie EFTs that follow from QCD
by integrating out the scalem andmv are called respectively Non-relativistic QCD (NRQCD)
and potential NRQCD (pNRQCD), see [4] for a review. We asstimé the temperature is high
enough thaf > gT ~ mp holds but also that it is low enough for < mand /r ~ mv> mp to
be satisfied, because for higher temperature the boundcsi@tes to exist. Under these conditions
some possibilities are in order. Tf is the next relevant scale after, then integrating out from
NRQCD leads to an EFT that we may name NRQE&D because it contains the hard thermal
loop (HTL) Lagrangian [12]. Subsequently integrating chg scalemvfrom NRQCDyr. leads
to a thermal version of pNRQCD that we may call pNRQGD. If the next relevant scale after
m is my, then integrating oumv from NRQCD leads to pNRQCD. If the temperature is larger
than m?, then the temperature may be integrated out from pNRQCDrigat a new version
of pNRQCDyr.. The hierarchies of scales that lead to these different Edf&sschematically
illustrated in Fig. 1. Note that, as long as the temperawigrialler than the scale being integrated
out, the matching leading to the EFT may be performed puttisgemperature to zero.

In the following we will also assume that~ as, which is expected to be valid for tightly
bound statesY(1S), J/y, ... .
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The massnis the largest scale in the system. This allows to integratendirst and organize
the EFTs as expansions irirh. The leading order in the/In expansion corresponds to the static
limit of NRQCD:

1 A . .
Z = _ZFﬁvFa”V + ZQi iDgi + Y'iDoy + x'iDox (2.1)
=

wherey (x) is the field that annihilates (creates) the (anti)fermigraren; light (massless) quark
fields. Only longitudinal gluons couple to static quarkseTalevant scales in static NRQCD are:
1/r,V,..T,mp, ....

Since we are interested in the real-time evolution of thehemark-antiquark pair, it is con-
venient to modify the contour of the partition function inder to allow for real times, see, for
instance, [13]. In real time, the degrees of freedom douhledifying the propagators into
2 matrices. Despite this, the advantages are that the wayiichvealculations are carried out is
very close to the one fof = 0 EFTs, moreover, in the static quark sector, the seconcedsgf
freedom, labeled “2”, decouple from the physical degreesegfdom, labeled “1”. The technical
reason for this is that thﬁ?(p)] 12 component of a static quark propagator vanishes, hence the
unphysical static quark fields “2” never enter in any phylsicaplitude, i.e. any amplitude that has
the physical fields “1” as initial and final states. It is alseryconvenient to chose the Coulomb
gauge: in Coulomb gauge, only transverse gluons carry antilgrart, but they do not couple to
static quarks. Finally, also the static quark-antiquarteptial has a 2« 2 matrix structure, which

reads
\Y 0
. 2.2
( —2ilmV —V*) (2:2)

In the following, whenever we speak about the potential, veamthe physical one, i.e. the entry
V in the above matrix.

3. Static quark antiquarkat T <V

If the temperature is very lowl <V, then it does not affect the potential, which may be
derived by integrating out the scalgrifrom (2.1). This leads to pNRQCD in the static limit,
whose degrees of freedom are quark-antiquark states (sioigiet S, color octet O), low energy
gluons and light quarks. The Lagrangian is organized as paresxon irr:

1 o . .
7 _ZFﬁVF“Va+ Zqi iDg +Tr{S' (ido—Vs) S+ O (iDo — Vo) O}
=

Vi
+VaTr{O"r -gES+S'r - gEO} + EBTr{OTr gEO+O'Or-gE} +---. (3.1)

At leading order inr, the singlet decouples from the octet and its equation oianas (idy—
Vs)S= 0. We may identifyVs andV, with the singlet and octet potentials. They are Coulombic:

Vs(r) = —CF% andVo(r) = zgsr at leading order ims (N; = 3,Cr = 4/3).
C
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Figure 2: Single and double lines stand respectively for color singhel color octet quark-antiquark prop-
agators. The curly line stands for the chromoelectric datoe(E2(t)@p(t,0)EP(0)), wheregy, is a Wilson
line in the adjoint representation, circles with cross dtém chromoelectric dipole interactions.

Thermal corrections do not affect the potential, but affeetstatic energy and the decay width
through loop corrections. The leading correction is cdrbg the diagram shown in Fig. 2. The
real part of the diagram gives the following thermal coriacto the static energy

2
S5E — % NeCr “—; T2 (Noats/(2T)) (3.2)
© x3 1 21z . Z ™ .
wherfef(z) = /0 dxex——l P><2——.22 =5 [In ET—Re(,U (lﬁ)} + rE The imaginary part of
the diagram gives the thermal width
N3Cr af
M= =5 = ng (Neas/ (21)) (33)

whereng (k) = 1/(¢/T — 1) is the Bose statistical factor. Corrections coming fromsbalemp
are suppressed by powersrof /T. The widthl™ originates from the fact that thermal fluctuations
of the medium at short distances may destroy a color—sirﬁg@into an octet plus gluons. This
process is specific of QCD at finifE. We will call this process the singlet to octet break-up
phenomenon; in QCD the corresponding diagrams are showig.ir8F

:l I i eese ..:|

Figure 3: QCD diagrams responsible for the singlet to octet transiti@ith in a thermal bath.

In the limiting casel <V, we have

— E C_F3 4 _ ﬂ C_F3 a a
OE = 45n3Nch =3 (E3(0) - E3(0))7, (3.4)

andrl is exponentially suppressed.

4. Static quark antiquark at 1/r > T >V

In the situation Ir > T >V, integrating ouflT from pNRQCD modifies pNRQCD into a
new EFT, pNRQCRT.. With respect to pPNRQCD, the Yang—Mills sector of the pPNRQED
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Lagrangian gets an additional hard thermal loop part [1Bjctv modifies, for instance, the longi-
tudinal gluon propagator & = 0 as

i i T  m

— — D 4.1
@ i2emg K (g mg)? oy

@ m ®
(% /\/\ X X X

Figure 4: Diagrams contributing to the real part of the potential. Thess in diagranfa) means that we
consider only one octet potential insertion into the freebpropagator; the shaded circle in diagréoh
stands for the gluon self-energy diagrams.

Also the potential in pPNRQCPr_ gets an additional thermal correctidV to the Coulomb
potential of pPNRQCD. The leading contribution to the reat pdthe color-singlet potential comes
from the diagrams shown in Fig. 4 and reads

CY
RedVs(r) = 5NCcFor rT2——Z = 2Tn%+ 3)NCr a2r?T3. (4.2)

The first term stems from diagraga) and is of ordergzr2T3 x V /T, the other ones stem from
diagram(b) and are of ordeg®r?T3 x (mp/T)?.

() (b)
T
X 7N 7N X 1% )
Vv Vv

Figure 5: Diagrams contributing to the imaginary part of the potdnfiie two crosses in diagrafa) mean
that we consider two octet potential insertions into the fvetet propagator.

The leading contribution to the imaginary part of the cdarglet potential comes from the
diagrams shown in Fig. 5 and reads

NZCr T2 2 '(2)
Im dVs(r) = —— a3T —a r2T INT—IN— +=—4In2—2
5(r) S OsT + 0 n%( +¥e+InmT— u2+3 Z(2)>
4
+§In 2NCr a2r?T3. (4.3)

The first term stems from diagra(a) and is of ordeg?r?T?3 x (V/T)?, the other ones stem from
diagram(b) and are of ordeg?r?T3 x (mp/T)?. The imaginary part of the diagrata) may be
traced back to the singlet to octet break-up phenomenaoodnted above while the imaginary part
of the diagram(b) is due to the imaginary part of the gluon self energy. This tm@ynterpreted
as due to the scattering of soft space-like gluons emittethéyheavy quarks with hard particles
(gluons and light quarks) in the medium. In plasma phystis,ghenomenon is known as Landau
damping [5, 9].
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Divergences appear in the imaginary part of the potentiakderg?r?T2 x (mp/T)?, which
have been regularized in dimensional regularizatoe- (4 — d)/2, whered is the number of di-
mensions). They cancel in physical observables againgtdooections from lower energy scales.
In order to illustrate the cancellation mechanism, let'ssider the case/t > T > mp > V.
Under this condition also the scaiay contributes to the potential. Integrating au from
pPNRQCDyt. leads to an extra contributiodVs to the potential coming from the diagram shown
in Fig. 2 when the momentum flowing in the loop is of ordey and consequently the gluon prop-
agator is taken to be the HTL resummed gluon propagator ag.iff4£1). This extra contribution
reads

2 23 (MD)\3
RedVs(r) ~ grT X(T) : (4.4)
_ G 1 u? 5
Im SV5(r) = — = atsr Tn%<E—VE+|n7T+|n 2D+3 : (4.5)

The divergence in the imaginary part exactly cancels tharo( 3).

Summing up the real and imaginary parts of the potentialections obtained from the scales
T andmp, we end up with the thermal correction to the static ene¥gyand the thermal decay
width " respectively:

3 2
OE = 5 NCr aZrT2 — 2¢(3)Ce Z2r2T m + S¢(3)NCr 02r2T?, (4.6)
N2
M= —2ImdVs= C?E:F alT
Cc T? {'(2\ 8m 2,213
—Fasr?Tng (2 —In— —1—4In2—2 — 2 In2NC T3, @47
3asr n%(yE anD n Z(z) 9 n cCF ag T ( )

The (leading) non-thermal part of the static energy is thel@ub potentiak-Cr as/r. The thermal
width has two origins. The first term comes from the thermabkrup of a quark-antiquark color
singlet state into a color octet state. The other terms caoora fmaginary contributions to the
gluon self energy that may be traced back to the Landau-depgienomenon. The first one is
specific of QCD, the second one would also show up in QED. Hpagsumednp > V, the term
due to the singlet to octet break up is parametrically sigs@e by(V /mp)? with respect to the
imaginary gluon self-energy contributions. TheTfymg term is a remnant of the cancellation
occurred between an infrared divergence at the staed an ultraviolet divergence at the scale
mp.

5. Static quark antiquark at T > 1/r > mp

In the situationT > 1/r > mp, integrating oufl from static QCD leads to static NRQGR.,
which, at one loop, is static NRQCD with the Yang—Mills Laggén supplement by the HTL
Lagrangian. Subsequently, integrating oyt leads to a specific version of pPNRQGR where
the Coulomb potential gets corrections from HTL insertiofi$ie leading real correction comes
from the diagram shown in Fig. 6, which gives

C
RedVs(r) = —gasrm%. (5.1)
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Figure 6: Leading real thermal correction to the potential. The bldokstands for the insertion of the real
part of the HTL gluon self energy.

This is a correction proportional t@s/r x (rmp)2.
The leading correction to the imaginary part of the potémienes from the diagrams shown
in Fig. 7, which give

~NZG
6

Im dVs(r) = FadT + —asr 2Tmg < +ye+InmT+In(rp)?— > . (5.2)
The first term comes from diagrafa) in Fig. 7. It is proportional taxs/r x (1V)? x (Tr) and

its origin may be traced back to the singlet to octet brealtwgnomenon. The other terms come
from diagram(b) in Fig. 7. They are proportional t@s/r x (rmp)? x (Tr) and their origin may be
traced back to the Landau-damping phenomenon.

@ ®) ¢

-

—imm3 T /|k| insertion

Figure 7: Leading contributions to the thermal decay width. Here lilaek dot stands for the insertion of
the imaginary part of the HTL gluon self energy.

Divergences appear in the imaginary part of the potentiatdgras/r x (rmD)2 x (Tr). They
cancel in physical observables against loop correctiays fower energy scales. In order to illus-
trate the cancellation mechanism, let's consider the €asel/r > mp >V, which is similar to
the one discussed in the previous section. Integratingngurom pNRQCDyT. leads to an extra
contribution dVs to the potential coming from the diagram shown in Fig. 2 wHemrmomentum
flowing in the loop is of ordemp and consequently the gluon propagator is taken to be the HTL
resummed gluon propagator as in Eg. (4.1). These extrailootidns are the same as in Egs. (4.4)
and (4.5).

Summing up the real and imaginary parts of the potentialections obtained from the scales
1/r andmp, we end up with the thermal correction to the static enéfgyand the thermal decay
width " respectively:

C
OE = —7F asrm3, (5.3)
NZC 8
r= °3Fa§T+—asr Trr%( —In(rmp)? +§>. (5.4)



Effective field theories for heavy quarkonium at finite terapee Antonio Vairo

The (leading) non-thermal part of the static energy is thel@ub potentia-Cras/r. Again the
thermal width has two origins. The first term comes from thegrtial break up of a quark-antiquark
color singlet state into a color octet state. The other tawnse from imaginary contributions to the
gluon self energy that may be traced back to the Landau-dagrgdienomenon. Having assumed
mp >V, the term due to the singlet to octet break up is parameirisappressed bV /mp )2 with
respect to the imaginary gluon self-energy contributiofibe Inrmp)? term is a remnant of the
cancellation occurred between an infrared divergenceeatdhle Ir and an ultraviolet divergence
at the scalenp.

It is in the situationT > 1/r > mp >V that quarkonium in the medium melts, if we assume
that the melting condition iEpinding ~ ', WhereEpinging is the quarkonium binding energy. Using
the above results, the condition givgs/'r ~ g?Tmgr?In1/(mpr). For Ir ~ mg? andmp ~ g,
this leads to the melting temperatuFgeiting ~ mg4/3(ln 1/g)‘1/3, where, assuming < 0.5, we
have neglected Inln/g with respect to In 1g [10, 14].

6. Static quark antiquark at T > 1/r ~mp

In the situationT > 1/r ~ mp, integrating oufl from static QCD leads to static NRQGR. .
Subsequently, both the scaleg andmp have to be integrated out at the same time; this implies
using HTL resummed gluon propagators in the matching pureethat leads to a new specific
version of pPNRQCRTL.

(@) (b)

-

HTL propagator

Figure 8: Diagram(a) shows the leading mass self energy contribution and dia@vathne leading potential
contribution to the static energy. Dashed lines stand fogitbidinal HTL resummed gluon propagators.

The real part of the static energy is provided at leading robgethe two diagrams shown in
Fig. 8:
as

E = Re[20m+ dVs(r)] = —Cg asmp —Cg - e M’ (6.1)

which is of orderagmp. The result is in agreement with early resultsdm anddVs [15, 16].
The thermal decay width is provided at leading order by theetlliagrams shown in Fig. 9:

2 [®, sin(mprx)
1—E/0 dxm] . 6.2)

NZCr

r:
3

alT +2CrasT

The first term is due to the singlet to octet break-up mechamisd is of ordemsmp x (Vr)? x

T /mp the other ones, which were first derived in [5], are of ordemp x T/mp > asmp, i.e.
larger than the real part of the energy (we recall that thdibinenergy is already of the same order
as the decay width at the lower temperatures discussed preékimus section). The imaginary part
of dmis minus twice the damping rate of an infinitely heavy fermjibn].
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Figure 9: Diagram(a) is the leading diagram contributing to the singlet to octetali-up mechanism,
diagram(b) contributes to the heavy quark damping rate and diagi@nencodes the Landau-damping
phenomenon. Dashed lines stand for longitudinal HTL resathgiuon propagators.

7. Conclusions

In a framework that makes close contact with modern effedi®id theories of non-relativi-
stic bound states at zero temperature, we have discusseeathtime evolution of a static quark-
antiquark pair in a medium of gluons and light quarks at fitetmperature under the special as-
sumption of weak coupling both for the non-relativistic dinelthermal dynamics. For temperatures
T ranging from values smaller to larger than the inverse digtaf the quark and the antiquark we
have derived the potential, the energy and the thermal deizitiz.

The derived potentials, is neither the color-singlet quark-antiquark free enargy the in-
ternal energy (whose practical definition, at variance Wi T = O case, is plagued by many
difficulties; for a recent critical discussion we refer t@J)L It has an imaginary part and may
contain divergences that eventually cancel in physicatolables.

The derived potential describes the real-time evolutiora @fuarkonium state in a thermal
medium. At leading order, the evolution is governed by a &dtimger equation. In an EFT frame-
work, the potential follows naturally from integrating cafl contributions coming from modes
with energy and momentum larger than the binding energy. TFerV the potential is simply
the Coulomb potential. Thermal corrections affect the gywend induce a thermal width to the
guarkonium state; these may be relevant to describe the diumemodifications of quarkonium
at low temperatures. Far >V the potential gets thermal contributions, which are boti amd
imaginary.

Two mechanisms contribute to the thermal decay width: treggimary part of the gluon self
energy induced by the Landau-damping phenomenon, and énk-gqatiquark color singlet to color
octet thermal break up. Parametrically, the first mechamieminates for temperatures such that
the Debye mass, is larger than the binding energy, while the latter domigsdite temperatures
such thatmp is smaller than the binding energy. Finally, it has been edgtihat quarkonium
dissociation may be a consequence of the appearance ofraaihdecay width rather than being
due to the color screening of the real part of the potentiag follows from the observation that
the thermal decay width becomes as large as the binding yeaéi@temperature at which color
screening may not yet have set in.
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