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1. Quarkonium

Heavy Quarkonia are systems composed by two heavy quarksmeissm larger than the
“QCD confinement scaleAqcp, so thatas(m) < 1 holds. They are multiscale systems. Being
nonrelativistic, quarkonia are characterized by anothsllsparameter, the heavy-quark velocity
v, (v ~ 0.1 for bb, v2 ~ 0.3 for cc, V2 ~ 0.01 for tf), and by a hierarchy of energy scalest
(hard), the relative momentum~ mv (soft), and the binding enerdy ~ mV? (ultrasoft). For en-
ergy scales close tqcp, perturbation theory breaks down and one has to rely on mampative
methods. Regardless of this, the nonrelativistic hiesarohs mv:>s> mv? persists also below the
Nqgcp threshold. While the hard scafeis always larger tha\gcp, different situations may arise
for the other two scales depending on the considered quiarkosystem. The soft scale, propor-
tional to the inverse quarkonium radiusmay be a perturbativest Agcp) or a nonperturbative
scale ¢ Agcp) depending on the physical system in consideration. Thiectse is likely to hap-
pen only for the lowest charmonium and bottomonium states.d@/not have direct information
on the radius of the quarkonia systems, and thus the attibof some of the lowest bottomonia
and charmonia states to the perturbative or the nonpetivelsoft regime is at the moment still
ambiguous|[[4]. Only fott threshold states the ultrasoft scale may be considerégestitirbative.

All these quarkonium scales get entangled in a typical aog#iinvolving a quarkonium ob-
servable. In particular, quarkonium annihilation and picithn take place at the scaie quarko-
nium binding takes place at the scai®;, which is the typical momentum exchanged inside the
bound state, while very low-energy gluons and light quagtso called ultrasoft degrees of free-
dom) live long enough that a bound state has time to form dmdetore, are sensitive to the scale
m\?. Ultrasoft gluons are responsible for phenomena similéinéahe Lamb shift in QCD.

The existence of many scales in quarkonium makes it a uniggtera to study complex en-
vironments. Quarkonium probes all the regimes of QCD, framhigh energy region, where an
expansion in the the coupling constant is possible, to theelzergy region, where nonperturbative
effects dominate. It probes also the intermediate regidwden the two regimes. In particular
for quarkonium systems with a very small radius the intéoadiurns out to be purely perturbative
while for systems with a large radius with respect to the camfient scale the interaction turns
out to be nonperturbative. Therefore quarkonium is an idadlto some extent unique laboratory
where our understanding of nonperturbative QCD and itspidg with perturbative QCD may be
tested in a controlled framework. The fact that the quatkwninteraction is dominated by the glue
contribution makes it a particularly precious system to mesdels of physics beyond the Standard
Model (BSM) where a treatment of confinement and nontrivas Energy configurations is in-
troduced. The large mass, the clean and known decays modeguakkonium an ideal probe of
new physics in some well defined window of parameters of béytbe Standard Model (BSM),
in particular for some dark matter candidates seafch][2], B].5 In the complex environment
of heavy ion collisions quarkonium suppression constt@einique probe of deconfinement and
quark gluon plasma formatiofi| [B, 3]. The different radiushef different quarkonia states induces
the phenomenon of sequential suppression, allowing to uaekgnium as a kind of thermometer
for the measurement of the temperature of the formed medi@msimilar ground quarkonium
may constitute a special probe to be used in the study of @auniedium(J7].

The diversity, quantity and accuracy of the data collectegkperiments in the last few years
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is impressive and includes data on quarkonium formatiomfBES and BESIII at BEPC and
BEPC2, KEDR at VEPP-4M, and CLEO-IIl and CLEO-c at CESR; sleamples of charmonia
produced in B-decays, in photon-photon fusion and in ihéiate radiation from the B-meson fac-
tory experiments BaBar at SLAC and Belle at KEK, including tinexpected observation of large
associatedct)(cc) production; heavy quarkonia production from gluon-gluosién inpp annihi-
lations at 2 TeV from the CDF and DO experiments at Fermilaaymonia production in heavy-ion
collisions from the PHENIX and STAR experiments at RHIC. 3&@experiments have largely op-
erated as quarkonium factories producing large data saomplguarkonium spectra, decays and
production with high statistics. New states and exoticgy peoduction mechanisms, new transi-
tions and unexpected states of an exotic nature have beervells The study of quarkonium in
media has also undergone crucial developments, the ssppres quarkonium production in the
hot medium remaining one of the cleanest and most relevabepsf deconfined matter. New data
are already copiously coming from LHC experiments and neiitias will become operational
(Panda at GSI, a much higher luminosity B factory at KEK, faigsa SuperB) adding challenges
and opportunities to this research field.

From the theory point of view, effective field theories (EfFas HQET (Heavy Quark Effective
Theory), NRQCD (Non Relativistic QCD), pNRQCD (potentiabiN Relativistic QCD), SCET
(Soft Collinear Effective Theory)..., for the descriptiohquarkonium processes have been newly
developed and are being developed, providing a unifyingri@son as well as a solid and versatile
tool giving well-defined, model independent and preciselipt®ns [2,[B[]L]. They rely on one
hand on high order perturbative calculations and on ther bidued on lattice simulations, the recent
progress in both fields having added a lot to the theory reach.

The progress in our understanding of nonrelativistic EF&&es it possible to move beyond
phenomenological models (at least for states below thtgshaad to provide in this case a system-
atic description inside QCD of heavy-quarkonium physica.te other hand, the recent progress
in the measurement of several heavy-quarkonium obses/atddkes it meaningful to address the
problem of their precise theoretical determination. lig 8ituation quarkonium becomes a special
system to advance our theoretical understanding of thagirgeractions, also in special environ-
ments (e.g. quarkonium in media) and in several productienhanisms, as well as our control of
some parameters of the Standard Model

The International Quarkonium Working Group (QWG) (www.qtegnfn.it) created in 2002
has supplied an adequate platform for discussion and comesearch work between theorists and
experimentalists, producing also two large reviews ofestdithe art, open problems, perspective
and opportunities of quarkonium physics in 2010 and 2Qp4 [2]particular at the end of]2] is
presented a list of 65 priorities in experiments and in the@ome of the results appeared in the
last few months already challenged such list. In the follayi will address some aspects of this
research field which is at the moment in great evolution.

2. Theory: the effective field theory description

A hierarchy of EFTs may be constructed by systematicallggrdting out modes associated
to high energy scales not relevant for quarkoniyin [1]. Surtbgration is made in a matching
procedure enforcing the equivalence between QCD and theaERDiven order of the expansion
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inv. The EFT realizes a factorization at the Lagrangian levielben the high energy contributions,
encoded into the matching coefficients, and the low energtriboitions, carried by the dynamical
degrees of freedom. Poincaré symmetry remains intact imknear realization at the level of the
nonrelativistic (NR) EFT and imposes exact relations antbegnatching coefficient$][8].

By integrating out the hard modes Nonrelativistic QCD (NRI)® obtained[[o] 1d, 11], mak-
ing explicit at the Lagrangian level the expansionsiw'm andmv?/m. The effective Lagrangian
is organized as an expansion ifmlandas(m). It is is similar to HQET, but with a different power
counting and accounts also for contact interactions betvegmrks and antiquark pairs (e.g. in
decay processes), hence having a wider set of operators.

Quarkonium annihilation and production happen at the stalat this scalem, the suitable
EFT is NonRelativistic QCD (NRQCD). In NRQCD soft and ulnéisscales remain dynamical and
their mixing may complicate calculations, power counting do not allow to obtain a Schrédinger
formulation in terms of potentials. One can go down one stefhér and integrate out the soft
scale in a matching procedure to the lowest energy EFT, wdrdyeultrasoft degrees of freedom
are dynamical. Such EFT is called potential NonRelatiwi€CD (pNRQCD) [12[ 13[]1]. In this
case the matching coefficients encode the information orsaftescale and represent the poten-
tials. pPNRQCD is making explicit at the Lagrangian level thgpansion inrmZ/mv. It is close
to a Schrodinger-like description of the bound state, thk bfithe interaction being carried by
potential-like terms, but non-potential interactionssasated with the propagation of low-energy
degrees of freedonqd colour singlets,Q@ colour octets and low energy gluons), may still be
present in general. They start to contribute at NLO (next&aling order) in the multipole expan-
sion of the gluon fields and are typically related to nonpestive effects[[J3] like gluon conden-
sates.

Quarkonium formation happens at the saale At the scalesnvandm\? the suitable EFT is
pNRQCD.

In this EFT frame, it is important to establish whagcp sets in, i.e. when we have to resort
to non-perturbative methods. For low-lying resonanceis ieasonable to assume/? 2> Nqcp-
Then, the system is weakly coupled and we may rely on petiorb¢éheory, for instance, to cal-
culate the potential. In this case, we deal with weak cogghNRQCD. The theoretical challenge
here is performing higher-order perturbative calculajaesum large logarithms in the ratio of the
scales and the goal is precision physics.

Given that for system with a small radius precision calcoket are possible, in this case
guarkonium may become a benchmark for our understandingCdd,Qn particular the transition
region between perturbative and nonperturbative QCD, anithé precise determination of relevant
Standard Model parameters e.g. the heavy quark magses,,  andas. For example, using
the new CLEO data on radiativg 1S) decay, the improved lattice determination of the NRQCD
matrix elements and their perturbative pPNRQCD calculatibhas been possible to obtain [n][14]
a determination ofis at theY massas(My(1S)) = 0.1843913 giving a valueas(M,) = 0.11P-5%
in agreement with the world average.

In weak coupling pPNRQCD the soft scale is perturbative amdpbtentials are purely per-
turbative objects. Nonperturbative effects enter eneeggls and decay calculations in the form
of local or nonlocal electric and magnetic condensdfieks. [V#§ still lack a precise and system-
atic knowledge of such nonperturbative purely glue dependbjects and it would be important
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to have for them lattice determinations or data extracts®e (e.g. [[16]) or calculation in models
of low energy QCD. Notice that the leading electric and méigneonlocal correlators (that are
gauge invariant quantities) may be related to the gluelurapses[[13] and to some existing lattice
(quenched) determinationfg [1]. However, since the nongeative contributions are suppressed in
the power counting it is possible to obtain good determimetiof the masses of the lowest quarko-
nium resonances with purely perturbative calculationfhiéndases in which the perturbative series
is convergent after that the appropriate subtractionsraftraalons have been performed and large
logarithms in the scales ratios are resumniedl [17]. The paterare matching coefficients that
undergo renormalization, develop a scale dependence #sfy sanormalization group equations.

The static singIeQ(S potential is pretty well known. The three-loop correctiontiie static
potential is now completely known: the fermionic contribus to the three-loop coefficierft ]18]
first became available, and more recently the remainingygheonic term has been obtaindd][19,
20).

The first log related to ultrasoft effects arises at thre@$o2]] . Such logarithm contribution
at N°LO and the single logarithm contribution afIND may be extracted respectively from a one-
loop and two-loop calculation in the EFT and have been catedlin [22[21].

The perturbative series of the static potential suffersafeorenormalon ambiguity (i.e. large
Bo contributions) and from large logarithmic contributioriie singlet static energy, given by the
sum of a constant, the static potential and the ultrasofections, is free from ambiguities of the
perturbative series. By resumming the large logs using éhermalization group equations and
comparing it (at the NNLL) with lattice calculations of thi&ac energy one sees that the QCD
perturbative series converges very nicely to and agredsthgtlattice result in the short range (up
to 0.25 fm) and that no nonperturbative linear (“stringydntribution to the static potential exist
(B4, R2]. In particular, the recently obtained theoretieapression[[32] for the complete QCD
static energy at NNNLL precision has been used to determaifigs by comparison with available
lattice data, wherey is the lattice scale antlys is the QCD scale, obtaining/Ayg = 0.62273512
for the zero-flavor case. This extraction was previouslyquared at the NNLO level (including an
estimate at NNNLO) in[[45]. The same procedure can be usebltsira precise evaluation of the
unquenchedo/\;5 value after short distance unquenched lattice data foR@evill appear [26].

The static octet potential is known up to two loops [27], See £8]. Relativistic corrections
to the static singlet potential have been calculated oweyéars and are summarized|ih [1].

In the case oQQqgbaryons, the static potential has been determined up to NiNlp@rturba-
tion theory [2P] and recently also on the latti¢e][30]. Tesuppressed by powers ofthandr in
the Lagrangian have been matched (mostly) at leading ordbused to determine, for instance,
the expected hyperfine splitting of the ground state of tisgseems.

In the case oRQQ baryons, the static potential has been determined up to NiKLg@rtur-
bation theory [29] and also on the lattide][31]. The transitiegion from a Coulomb to a linearly
raising potential is characterized in this case also by thergence of a three-body potential ap-
parently parameterized by only one length. It has been shioatnn perturbation theory a smooth
genuine three-body potential shows up at two loops.

For higher resonancesv~ Aqcp. In this case, we deal with strongly coupled pNRQCD. We
need nonperturbative methods to calculate the potenti@®ae of the goal is the investigation of
the QCD low energy dynamic$ [32]. Then the potential maghioefficients are obtained in the
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form of expectation values of gauge-invariant Wilson-lagerators. In this case, heavy-light me-
son pairs and heavy hybrids develop a mass gap of dges with respect to the energy of ti@Q
pair, the second circumstance being apparent from latiticelations. Thus, away from threshold,
the quarkonium singlet field is the only low-energy dynariegree of freedom in the pPNRQCD
Lagrangian (neglecting ultrasoft corrections coming frgioms and other Goldstone bosons). The
singlet potential can be expanded in powers of the inversieeafiuark mass; static/fnand 1/nm?
terms were calculated long ago][33] 44]. They involve NRQC&ahing coefficients (containing
the contribution from the hard scale) and low-energy napleative parts given in terms of static
Wilson loops and field-strength insertions in the staticsdfil loop (containing the contribution
from the soft scale). Such expressions correct and gepenatevious finding in the Wilson loop
approach[[34] that were typically missing the high energytspaf the potentials, encoded into the
NRQCD matching coefficients and containing the dependendaelogarithms ofng, and some
of the low energy contributions. The nonperturbaty®Q potentials (static and relativistic cor-
rections) have been obtained in terms of Wilson loops and §ieengths insertions ifi [85] and in
the second reference ¢f[29].

In this regime of pPNRQCD, we recover the quark potential lehghodel. However, here the
potentials are calculated in QCD by nonperturbative matghirheir evaluation requires calcula-
tions on the lattice or in QCD vacuum models. For calculaimside different QCD vacuum/string
models see[[34, B6]. Recent progress includes new, prettszelcalculations of these potentials
obtained using the Luscher multi-level algorithm][37].

As mentioned, which quarkonium state belongs to which regsman open issue and no clear
cut method exist to decide this a priori, in the lack of a diway to determine the quarkonium
radius [#]. Typically the lowest staté§1S), np, B and possiblydy and . are assumed to be in
the weakly coupled regime (for what concerns the soft scale)

3. Quarkonium spectra, decays, exotics and production

In [B, @.[3]. an enormous set of the most updated phenomeicealagpplications of the EFT
framework outlined above to quarkonium spectra, decaypeodliction is presented and discussed
in relation to the experimental data.

Here | can only briefly recall some selected results.

The energy levels have been calculated at omte? [[5,[38]. Decays amplitud¢ [pR, B, 1] and
production and annihilatiorf [p1] have been calculated imupkation theory at high order. Since for
systems with a small radius the nonperturbative contiiimstiare suppressed in the power counting
it is possible to obtain good determinations of the massealhefowest quarkonium resonances
with purely perturbative calculations in the cases in whioh perturbative series is convergent
(after that the appropriate subtractions of renormalone bhaen performed) and large logarithms
in the scales ratios are resummed. For exampld |h [53] a giediof the B, mass has been
obtained. The NNLO calculation with finite charm mass effefi8] predicts a mass that well
matches the Fermilab measureméht [2] and the lattice ditation [54]. The same procedure has
been applied at NNLO even for higher stafe$ [56]. A NLO caltiah reproduces in part th@fine
splitting [53]. Including logs resummation at NLL, it is pmbkle to obtain a prediction for for
hyperfine separatioA = 50+ 17(th) *13(6as) MeV [57] and for the hyperfine separation between
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the Y(1S) and theny the value of 41t 11(th)*3(das) MeV (where the second error comes from
the uncertainty iros) [B9]. This last value turned out to undershoot the expemimleneasurement
of BABAR by about two standard deviations. This is an operzfmszin theory. NRQCD lattice
calculations [[60] obtains a value close to the experimenta but do not include the one loop
matching coefficients of the spin-spin term that is large aray give a negative correction of
up to —20 MeV [61]. Recent lattice calculationf [62] aims at in¢chgithe NRQCD matching
coefficients in the NRQCD lattice calculation and will hedysettle this issue. Another explanation
would be related to the presence of a CP light odd Higgs whicleswith theny [B].

An effective field theory of magnetic dipole transition haghb given in[[63], allowed magnetic
dipole transitions beMe&fandbEground states have been considered in pNRQCD at NNLO in
[F3]. The results arel (J/¢ — yne) = (1.5+1.0) keV andl (Y(1S) — yny) = (ky/71 MeV)3
(151+1.5) eV, where the errors account for uncertainties coming fraghdr-order corrections.
The widthl'(J/@ — ync) is consistent with the PDG value. The quarkonium magnetimerd
is explicitly calculated and turns out to be very small inesgnent with a recent lattice calculation
[BQ]; the M1 transition of the lowest quarkonium states ktiee ordern? turn out to be completely
accessible in perturbation theofy][63]. A description & t line shape has been given in][58].
and effective field theory calculation of electric dipolartsitions is currently in elaboratiop [49].
Using pNRCD and Soft Collinear EFT (SCET) a good descriptbthe Y{(1S) radiative decay
have been obtainedf [48].

For what concerns decays, recently, substantial prog@s$éen made in the evaluation of
the NRQCD factorization formula at ordef [f]), in the lattice evaluation of the NRQCD matrix
elements[[30], in the higher order perturbative calcutattbsome NRQCD matching coefficients
[#3, B3] and in the new, accurate data on many hadronic amtr@ieagnetic decayg][2]. The
data are clearly sensitive to NLO corrections in the Wilsoefficients and presumably also to
relativistic corrections. Improved theory predictalilivould entail the lattice calculation or data
extraction of the NRQCD matrix elements and perturbatigimemation of large contribution in
the NRQCD matching coefficients. Inclusive decay amplitudave been calculated in pPNRQCD
in [f44] and the number of nonperturbative correlators apptabe sizeably reduced with respect
to NRQCD so that new, model independent predictions have besle possiblg [16]. Still, the
new data on hadronic transitions and hadronic decays ptsesting challenging to the theory.
Exclusive decays mode are more difficult to be addresseceoryt{db,[47 [46].

For the excited states masses away from threshold, phemdogeal applications of the QCD
potentials obtained iff [B3] are ongoirjg][59]. For a full pberenological description of the spectra
and decays it would be helpful to have updated, more precidauaquenched lattice calculation
of the Wilson loop field strength insertions expectatioruealand of the local and nonlocal gluon
correlators([lL]. For recent lattice results on the spectipg see([64].

In the most interesting region, the region close to thrashahere many new states, con-
ceivably of an exotic nature have been recently discoveadd)l EFT description has yet been
constructed nor the appropriate degrees of freedom clédelytified [6%,[R]. An exception is
constituted by theX(3872 that displays universal characteristics related to iteidpaio close to
threshold, reason for which a beautiful EFT descriptionldde obtained[[§7, 8.

The threshold region remains troublesome also for the&ttlthought several excited states
calculations have been recently being pionereed.
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Lattice results about the crosstalk of the static potentitth a pair of heavy-light mesons in
the lattice have recently appeargd][66] but further ingasibns appear to be necessary. Several
model approaches and predictions for the exotics progeatie summarized and described[jn [2].
For a sum rules review sef [69]. The recent discovery at BEbf.Evo new exotic charged
bottomonium-like resonancef [70] suggests that many neticsxstates will be soon discovered
7).

The field of quarkonium production has seen terrific progieshe last few years both in
theory and in experiments, for a review s¢e[J2[ 3, [72,[7B, PHrticularly promising seem to
be the recent full NLO NRQCD calculation df/ photoproduction[[77] and hadroproduction
[F3. [78], the consequent phenomenological applicatiorthecstudy ofJ/y production at Hera,
Tevatron, RHIC and LHCJ78] with the possibility to extrabgtcolor octet matrix elements from
the combined fits. The quarkonium polarization remains § et topic with theory predictions
and approached [[7f] 2] to be soon validated at the LHC. A kilon of triply heavy baryons
production at LHC just appeared]80].

4. Quarkonium in media

The suppression of quarkonium production in the hot medemains one of the cleanest and
most relevant probe of deconfined matter.

However, the use of quarkonium yields as a hot-medium distimdool has turned out to
be quite challenging for several reasons. Quarkonium ptimhu has already been found to be
suppressed in proton-nucleus collisions by cold-nuateatter effects, which themselves require
dedicated experimental and theoretical attention. Reamatibn effects may play an additional
role and thus transport properties may become relevant totsdered. Finally, the heavy quark-
antiquark interaction at finite temperaturehas to be obtained from QCD.

For observables only sensitive to gluons and light quark&na successfull EFT called Hard
Thermal Loop (HTL) effective theory has been derived in thstpy integrating out the hardest
momenta proportional td from the dynamics. However, considering also heavy quaukonin
the hot QCD medium, one has to consider in addition to thertbdynamical scales il also the
scales of the nonrelativistic bound state and the situddémomes more complicate.

In the last few years years, there has been a remarkableegsogr constructing EFTs for
quarkonium at finite temperature and in rigorously definimg quarkonium potential. It [BL,[82],
the static potential was calculated in the regime> 1/r > mp, wheremp is the Debye mass and
r the quark-antiquark distance, by performing an analyticaitinuation of the Euclidean Wilson
loop to real time. The calculation was done in the weak-dagplesummed perturbation theory.
The imaginary part of the gluon self energy gives an imagipart to the static potential and hence
a thermal width to the quark-antiquark bound state. In tiheestiamework, the dilepton production
rate for charmonium and bottomonium was calculated ih [83, B [B5)], static particles in real-
time formalism were considered and the potential for distanl/r ~ mp was derived for a hot
QED plasma. The real part of the static potential was fouragree with the singlet free energy
and the damping factor with the one found [n][81]. [n][86], adst of bound states in a hot
QED plasma was performed in a non-relativistic EFT framdwar particular, the hydrogen atom
was studied for temperatures ranging frdmg< ma? to T ~ m, where the imaginary part of the
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potential becomes larger than the real part and the hydrogases to exist. The same study has
been extended to muonic hydrogen [in][87], providing a metiocestimate the effects of a finite
charm quark mass on the dissociation temperature of bottiumo

An EFT framework in real time and weak coupling for quarkaeniat finite temperature was
developed in[[§9] working in real time and in the regime of 8rmaupling g, so thatgT < T and
V ~ ds, Which is expected to be valid for tightly bound stat¥$1S), J/¢, ... .

Quarkonium in a medium is characterized by different enengg momentum scales; there
are the scales of the non-relativistic bound state that we Hescussed at the beginning, and there
are the thermodynamical scales: the temperalyr¢he inverse of the screening length of the
chromoelectric interactions, i.e. the Debye magsand lower scales, which we will neglect in the
following.

If these scales are hierarchically ordered, then we maynekpaysical observables in the
ratio of such scales. If we separate explicitly the contiims from the different scales at the
Lagrangian level this amounts to substituting QCD with adriehy of EFTs, which are equivalent
to QCD order by order in the expansion parameters. As it has bescribed in the previous
sections at zero temperature the EFTs that follow from QCIntsgrating out the scales and
mv are called respectively Non-relativistic QCD (NRQCD) armtgmtial NRQCD (pNRQCD).
We assume that the temperature is high enoughThat gT ~ mp holds but also that it is low
enough forT < mand 1/r ~ mv> mp to be satisfied, because for higher temperature the bound
state ceases to exist. Under these conditions some pdgshalre in order. IT is the next relevant
scale aftem, then integrating out from NRQCD leads to an EFT that we may name NRQ&D
because it contains the hard thermal loop (HTL) Lagrand®@ [Subsequently integrating out the
scalemvfrom NRQCDy1_ leads to a thermal version of pPNRQCD that we may call pPNRQ&D
If the next relevant scale aftenis my, then integrating outnvfrom NRQCD leads to pNRQCD.

If the temperature is larger thanV?, then the temperature may be integrated out from pNRQCD
leading to a new version of pPNRQGH. [P1]. Note that, as long as the temperature is smaller
than the scale being integrated out, the matching leaditiiet& FT may be performed putting the
temperature to zero.

The derived potentid describes the real-time evolution of a quarkonium statetimeamal
medium. At leading order, the evolution is governed by a 8dimger 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. TFarV the potential is simply
the Coulomb potential. Thermal corrections affect the gnend 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.

General findings in this picture are:

e The thermal part of the potential has a real and an imaginanty phe imaginary part of the
potential smears out the bound state peaks of the quarkospeciral function, leading to
their dissolution prior to the onset of Debye screening mridal part of the potential (see,
e.g. the discussion ifi [B8] and applications[in [98, 95]).g8arkonium dissociation appears
to be a consequence of the appearance of a thermal decayratiodin than being due to the
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color screening of the real part of the potential; this fatofrom the observation that the
thermal decay width becomes as large as the binding eneayteatperature at which color
screening may not yet have set in.

e Two mechanisms contribute to the thermal decay width: tregimary part of the gluon self
energy induced by the Landau-damping phenomenon (exiatswin QED) [8]L] and the
quark-antiquark color singlet to color octet thermal brapKa new effect, specific of QCD)
[P7]. Parametrically, the first mechanism dominates forperatures such that the Debye
massmp is larger than the binding energy, while the latter domigdite temperatures such
thatmp is smaller than the binding energy.

e The obtained singlet thermal potentidl, is neither the color-singlet quark-antiquark free
energy nor the internal energy. It has an imaginary part aag contain divergences that
eventually cancel in physical observablgd [92].

e Temperature effects can be other than screening, typitadly may appear as power law
corrections or a logarithmic dependenfd [92, 86].

e The dissociation temperature goes parametricallf@sting ~ mg%1 (B4, [83].

The EFT provides a clear definition of the potential and a oatteand systematical setup to
calculate masses and widths of quarkonium at finite temyerain [94] heavy quarkonium energy
levels and decay widths in a quark-gluon plasma, below tHangeéemperature at a temperature T
and screening massp satisfying the hierarchynas > niT >> ma?2 > mp, have been calculated at
orderma?. This situation is relevant for bottomoniun$ $tates Y(1S), ny,) at the LHC. It has been
found [@4] that: at leading order the quarkonium massegase quadratically with which in turn
implies the same functional increase in the energy of theptbins produced in the electromagnetic
decays; a thermal correction proportial T8 appears in the electromagnetic quarkonium decay
rates; at leading order a decay width linear with the tempesais developed which implies a
tendency to dissolve by decaying to the continuum of thewedatet states.

In [B7] the leading-order thermal corrections to the spibitopotentials of pPNRQCRy. has
been calculated and it has been shown how Poincaré invariartiroken by the presence of the
medium. In [9B] the propagation of a nonrelativistic boumates moving across a homogenoeus
thermal bath have been studied.

In [P3,[93] the Polyakov loop and the correlator of two Polyaloops at finite temperature has
ben calculated at next-to-next-to-leading order in thelkaaipling regime and at quark-antiquark
distances shorter than the inverse of the temperature amefoye mass larger than the Coulomb
potential. The calculation has been performed also the ifi fE&mework [9R] and a relation
between the Polyakov loop correlator and the singlet anet geiark-antiquark correlator has been
established in this setup.

First attempts to generalize this new picture to the nonpeative regime have been under-

taken in [9P].

10
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5. Outlook

Heavy quarkonium physics is a very broad field spanning mapgrements at different facil-
ities around the world and a very broad set of topics and @mbres in theory. The field is in rapid
evolution and the experiments at LHC will boost its progressr a summary of the most crucial
developments and suggested directions for further advaacel refer you to the 65 priorities list
at the end of the QWG documeff [2].
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