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Motivations

e Thermal medium induces color screening.

e Color screening of the heavy quark potential, may induce quarkonium dissociation.
Quarkonium dissociation may be a clear signature of quark-gluon plasma

formation.
oMatsui Satz PLB 178(86)416
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Motivations

e Thermal medium induces color screening.

e Color screening of the heavy quark potential, may induce quarkonium dissociation.
Quarkonium dissociation may be a clear signature of quark-gluon plasma
formation.
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e Phenomenological potentials have been used so far.

e The developments during the last decade of effective field theories (EFTSs) for
guarkonium at zero temperature provide indeed a suitable EFT framework for a
systematic derivation of the quarkonium potential also in a thermal medium.

e Moreover, EFTs will account for thermal effects both of the potential and/or of the
non-potential type.



Framework: scales

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

e the scales of the bound state (v is the relative heavy-quark velocity):
- m (mass),
- mv (Momentum transfer, inverse distance),
- mwv? (Kinetic energy, binding energy, potential V), ...

e the thermodynamical scales:
- T (temperature),
- mp (Debye mass, i.e. screening of the chromoelectric interactions), ...

If these scales are hierarchically ordered (if the bound state is non relativistic: v < 1; in
the weak coupling regime T' > mp) then we may expand physical observables in the
ratio of the scales. If we separate/factorize explicitly the contributions from the different
scales at the Lagrangian level this amounts to substituting QCD with a hierarchy of
EFTs, which are equivalent to QCD order by order in the expansion parameters.



Framework: EFTs
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We assume that bound states exist for

T <Km

1/r ~mv > mp

We neglect smaller thermodynamical scales.



Framework: weak coupling

In the weak coupling regime:
v ~ as < 1; valid for tightly bound states: Y(15), J/v, ...
T > gT ~mp.

Effects due to the scale Aqcp will not be considered.



Framework: static limit of QCD/NRQCD

We assume m > any other scale.

This allows to integrate out m first and organize the EFTs as expansions in 1/m:
the first EFT is NRQCD.

The leading order term corresponds to the static limit of QCD (or NRQCD):
nf
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Y (x) is the field that annihilates (creates) the (anti)fermion.
Only longitudinal gluons couple to static quarks.

The relevant scales in static QCD/NRQCD are: 1/r, V, ... T, mp, ...



Framework: real time

The contour of the partition function is modified to allow for real time:
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In real time, the degrees of freedom double (“1” and “2"), however, the advantages are
the framework becomes very close to the one for T' = 0 EFTSs;

in the static quark sector, the second degrees of freedom, labeled “2”, decouple
from the physical degrees of freedom, labeled “1”.

This leads to a simpler treatment with respect to alternative calculations in imaginary
time formalism + analytical continuation in real time.



Framework: real-time gluon propagator

Free gluon propagator in Coulomb gauge:
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In Coulomb gauge, only transverse gluons carry a thermal part.



Framework: real-time static quark propagator

Free static quark propagator:
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Since [Sg)) (p)]12 = 0, the static quark fields labeled “2” never enter in any
physical amplitude, i.e. any amplitude that has the physical fields, labeled “1”, as
initial and final states.



Framework: real-time static quark-antiquark propagator

Free static quark-antiquark propagator:
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Similar to the quark propagator, but quark-antiquark fields are bosons.



Framework: real-time potential

Static quark-antiquark potential:

Hence the sum of all insertions of a potential exchange between a free quark and
antiquark amounts to the full propagator:
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Static quark antiquark at <V

After having integrated out the scale 1/r the EFT is pNRQCD, which is made of
- quark-antiquark states (color singlet S, color octet O),
- low energy gluons and light quarks.

The Lagrangian is organized as an expansion in r:
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At leading order in r, the singlet decouples from the octet and its EOM is:

The potentials V; and V,, are Coulombic: Vi (r) = —(JF% and V,(r) = As
Tr

N.r’



PNRQCD: Feynman rules and loops
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Thermal corrections do not affect the potential, which remains Coulombic, but
affect the static energy and the decay width through loop corrections:
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Static quark antiquark &t < V': energy and width

The real part of the diagram gives:

2 a2 o o 3 1
0F = - N.Cp —rT* f(Ncas/(2rT)) , f(z) = / dx P
3 Uus 0 (& 1 -

The imaginary part of the diagram gives
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Corrections coming from the scale mp are suppressed by powers of mp /T.

The width I" originates from the fact that thermal fluctuations of the medium at
short distances may destroy a color-singlet Q( into an octet plus gluons. This
process is specific of QCD at finite T'; in QCD the relevant diagrams are of the type




Static quark antiquark at < V/

In this limiting case

Ok =——m r =
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and
[' = exponentially suppressed

d F provides the leading gluon condensate correction to the quark-antiquark static
energy.



Static quark antiquark dt/r > T >V

Integrating out 7" from pNRQCD modifies pNRQCD into pNRQCDy 1, whose

Yang—Mills Lagrangian gets the additional hard thermal loop (HTL) part;
e.g. the longitudinal gluon propagator at k° = 0 becomes
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potentials get an additional thermal correction 6V to the Coulomb potential.




Static quark antiquark dt/r > T > V' real part
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Static quark antiquark dt/r > T > V. imaginary part
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Singlet to octet break up contribution

Landau-damping contribution
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Static quark antiquark dt/r > T > mp >V

. . . . . m 2
Divergences appear in the imaginary part of the potential at order g2r27° x (TD> .
They cancel in physical observables against loop corrections from lower energy scales.

We consider the case 1/r > T > mp > V. Integrating out m p from pNRQCDy;1,
leads to an extra contribution 6V to the potential coming from

HTL propagator
W
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Static quark antiquark at/r > T > mp > V:

energy and width
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The non-thermal part of the static energy is the Coulomb potential —C'rag /7.

The thermal width has two origins. The first term comes from the thermal break up
of a quark-antiquark color singlet state into a color octet state. The other terms
come from imaginary contributions to the gluon self energy that may be traced
back to the Landau damping phenomenon. The first one is specific of QCD, the
second one would also show up in QED. Having assumed mp > V/, the term due
to the singlet to octet break up is parametrically suppressed by (V/mp)? with
respect to the imaginary gluon self-energy contributions.



Static quark antiquark & > 1/r > mp

In this situation integrating out 1" from static QCD leads to static NRQCDygg,, which, at
one loop, is static NRQCD with the Yang—Mills Lagrangian supplement by the HTL
Lagrangian.

Subsequently, integrating out 1 /7 leads to a specific version of pPNRQCDy 1, where the
Coulomb potential gets corrections from HTL insertions.



Static quark antiquark & > 1/r > mp: real part

a) <——  Coulomb potential: —CF%
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Static quark antiquark & > 1/r > mp: imaginary part
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Static quark antiquark & > 1/r > mp >V
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Divergences appear in the imaginary part of the potential at order — x (rmp)? x (T'r).
T
They cancel in physical observables against loop corrections from lower energy scales.

We consider the case T' > 1/r > mp > V. Integrating out m p from pNRQCDyy 1,
leads to an extra contribution 6V to the potential coming from

W HTL propagator
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Static quark antiquark & > 1/r > mp > V-

energy and width
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The non-thermal part of the static energy is the Coulomb potential —C'ras /7.

Again the thermal width has two origins. The first term comes from the thermal
break up of a quark-antiquark color singlet state into a color octet state. The other
terms come from imaginary contributions to the gluon self energy that may be
traced back to the Landau damping phenomenon. Having assumed mp > V, the
term due to the singlet to octet break up is parametrically suppressed by (V/mp)?
with respect to the imaginary gluon self-energy contributions.



Static quark antiquark & > 1/r ~ mp

In this situation integrating out 1" from static QCD leads to static NRQCDygg,, which, at
one loop, is static NRQCD with the Yang—Mills Lagrangian supplement by the HTL
Lagrangian.

Subsequently, we have to integrate out both 1/ and mp at the same time, by using HTL
resummed gluon propagators.



Static quark antiquark & > 1/r ~ mp: real part

a) = b) <—— HTL propagators
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Static quark antiquark & > 1/r ~ mp: imaginary part

Singlet to octet break up contribution

b) c) : . HTL propagators

damping rate of a static quark/antiquark Landau damping contribution
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Static quark antiquark &t > 1/r

Under the condition 1/ ~ mp the width is larger by a factor T'/mp than the
potential and the bound state dissolves.

Both Landau damping and singlet to octet break up contribute to the decay width.
Parametrically the ratio of the two contributions is proportional to (mp/V)?, hence
Landau damping dominates when mp > V and singlet to octet break up when

V' > mp. Numerically, the singlet to octet contribution may be large also when
parametrically suppressed:
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Conclusions

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

For temperatures 7' ranging from values larger to smaller than the inverse distance
of the quark and antiquark, 1/r, and at short distances, we have derived the
potential between the two static sources, their energy and thermal decay width.

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

If mp is of the same order as 1/, our results are in agreement with Laine et al
JHEP 0703(07)054. For temperatures smaller than 1/, we find new contributions
to the potential, both real and imaginary, which may be relevant to understand the
onset of heavy quarkonium dissociation in a thermal medium.
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