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e quarkonium and Its relevance
hadronic physics

e the state of the art theory tools and
heir impact on hadronic physics
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The rich structure of separated energy scales makes
quarkonium an ideal probe of confinement/deconfinement




The rich structure of separated energy scales makes
quarkonium an ideal probe of confinement/deconfinement

At zero temperature

o The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.

V(O)(r) [
(GeV)

Agcep

Low IyirzngQ High lying QQ
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1 |

o Godfrey Isgur PRD 32(85)189

quarkonia probe the perturbative (high energy) and non
perturbative region (low energy) as well as the transition
region in dependence of their radius r




Quarkonium as a confinement and deconfinement probe

At finite temperature T they are sensitive to the formation of a quark gluon
plasma via color screening
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At finite temperature T they are sensitive to the formation of a quark gluon
plasma via color screening
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T/T¢ 1/(r)
2 |-| yaus)
quarkonia dissociate at different . (1P)
temperature in dependence of
their radius: they 2 | J/(15)

are a Quark Gluon Plasma %(1P)
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Many experimental data and opportunities

Quarkonium Today is
a golden system to study strong interactions

New theoretical tools:
Effective Field Theories (EFTs) of QCD
and progress in lattice QCD




Today: new data
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CLEO-c BESIl tau charm factories
CLEO-III bottomonium factory

Fermilab €BFE DO, ES35
Hera RHIC (Star, Phenix), NA60
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QCD theory of Quarkonium: a very hard problem
Initial phenomenological/model descriptions of the 70s,80s

4 r = QQ radius

1
g
T

Eichten et al . 75, 78, 80
bbar and ccbar energy levels in comparison tc
Coulomb and linear potential energy levels

Variety of potential models used
Confinement and asymptotic freedom--> QC
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QCD theory of Quarkonium: a very hard problem
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QCD Effective Field Theories to address the research
frontier of hadronic physics
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7
E ~ mv

SO0 0 H0T

QCD =y
y <

perturbative matching perturbative matching 2.9 9.9.8

nonperturbative matching perturbative matching
" (long—range quarkonium) | (short—range quarkonium)

pNRQCD




Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)

7
E ~ mv

SO0 0 H0T

QCD =y
y <

perturbative matching perturbative matching 2.9 9.9.8

nonperturbative matching perturbative matching
" (long—range quarkonium) | (short—range quarkonium)

pNRQCD




Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)

E ~ mv?>
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perturbative matching perturbative matching 29998

nonperturbative matching perturbative matching
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Quarkonium with NR EFT: pPNRQCD
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A potential picture arises at the level of pNRQCD:
« the potential is perturbative if mv = Agcep
« the potential is non-perturbative if mv ~ Agep

In QCD another scale is relevant AQCD




Quarkonium with EFT

N

QCD

perturbative matching perturbative matching

Caswell, Lepage 86,
LepdgeingeckeRts
Bodwin, Braaten, Lepage 95

Pineda, Soto 97, N.B. et al, 29,00,

nonperturbative matching perturbative matching ~ LUK€ Manohar 27, Luke Savage 78,
" (long—range quarkonium) | (short—range quarkonium) Beneke Smirnov 98, Labelle 98

Labelle 98, Grinstein Rothstein 98
Kniehl, Penin 99, Griesshammer 00,
PNRQCD Manohar Stewart 00, Luke et al 00,

: : : rlefel jel=]i{e] M08 RIS
established in a series of papers: S

Pineda, Soto 97, N.B., Pineda, Soto, Vairo 99
N.B. et al 00--013
N.B., Pineda, Soto, Vairo Review of Modern Physis 77(2005)
1423
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Physics at the scale m : NRQCD
Quarkonium production and Decays

Physics at the scale mv and mv*2 : pPNRQCD
bound state formation

PNRQCD is today the theory used to address
quarkonium bound states properties
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*Resumming the log
*Calculating/extracting nonperturbatively the low energy
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*Extending the theory (electromagnetic effect, 3 bodies)
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PNRQCD and quarkonium Several cases for the physics at hand

ESEE[E has been consiructied (away from theshold)
*Work at calculating higher order perturbative corrections
INn v and alpha_s

*Resumming the log
*Calculating/extracting nonperturbatively the low energy

quantities
*Extending the theory (electromagnetic effect, 3 bodies)

The issue here is precisionphysics and the study of confinement

» Precise and systematic high order calculations allow the
extraction of precise determinations of standard model
parameters like the quark masses and alpha_s

® The eff has allowed to systematically factorize and to study the low
energy nonperturbbative contributions




PNRQCD and quarkonium Several cases for the physics at hand

The EFT is being constructed (Finite T) Laine et al, 2007, Escobedo, Soto
2007 N. B. et al. 2008

*Results on the static potential hint at a new physical picture of dissociation
*Mass and width of quarkonium at m alphaA5(Y(1S) bbar at LHC)
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*Polyakov loop calculation N B. et al. 2010
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The eft allows us to discover new, unexpected and important facts:

* The potential is neither the color singlet free energy nor the internal energy

*The quarkonium dissociation is a consequence of the apparence of a thermal decay
width rather than being due to the color screening of the real part of the potential

We have now a coherent and systematical setup to calculate masses and
width of quarkonium at finite T for small coupling
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The EFT is being constructed (Finite T) Laine et al, 2007, Escobedo, Soto
2007 N. B. et al. 2008
*Results on the static potential hint at a new physical picture of dissociation

*Mass and width of quarkonium at m alphaA5(Y(1S) bbar at LHC) N B. of al. 2010

*Polyakov loop calculation N B. et al. 2010
g

The eft allows us to discover new, unexpected and important facts:

* The potential is neither the color singlet free energy nor the internal energy

*The quarkonium dissociation is a consequence of the apparence of a thermal decay
width rather than being due to the color screening of the real part of the potential

We have now a coherent and systematical setup to calculate masses and
. width of quarkonium at finite T for small coupling

ine EFl has not yet been constructed (Exotics close to threshold)
*Degrees of freedom still to be identified

only in particular cases (X(3872)) a universal tfreatment is possible
E. Braaten et al




Quarkonium systems with small radius

e




pNRQCD for quarkonia with small radius  r < Agép

Degrees of freedom that scale like mv are integrated out:
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pPNRQCD for quarkonia with small radius  r < Ag¢p

Degrees of freedom that scale like mv are integrated out:

— >‘< x V(ur)

NRQCD oNRQCD

o If mv > Agcp, the matching is perturbative

e Degrees of freedom: quarks and gluons

Q-Q states, with energy ~ Aqcp, mv® and momentum < mu
= (1) singlet S (i) octet O

Gluons with energy and momentum ~ Aqcp, mv?

5 . 1 1 1
Definite power counting: r ~ — and ¢, R ~ ,
mu mv?  AQch

The gauge fields are multipole expanded:
A(R,r,t) = A(R,t) +r - VA(R,t) + ...

Non-analytic behaviour in r — matching coefficients V/



weakly coupled pNRQCD r < Aé%}D
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S singlet field singlet propagator

O octet field octet propagator
Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-
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+VaTr {O]Lr .gES+S'r-gE O}

‘|‘%TI‘{OTI‘-9EO—|—OTOP°QE} NLO in »
4.

S singlet field singlet propagator

O octet field octet propagator
Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-




weakly coupled pNRQCD r < A@éD

1 a vV a ' p2
£:—ZF/WF“ + Tr<S' (409 — — S
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v
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4.

S singlet field singlet propagator

O octet field octet propagator
Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-




* pNRQCD provides a QM description from field theory: the Schroedinger

equation and the potentials appear once all scales above the binding energy
have been integrated out

% The EFT accounts for non-potential terms as well. They provide loop
corrections to the leading potential picture. Retardation effects are typically

related to the nonperturbative physics

% The Quantum Mechanical divergences are cancelled by the NRQCD

matching coefficients.

¢ Poincare’ invariance is intact and is realized via exact relations among the

matching coefficients (potentials)




The potential is a Wilson coefficient of an EFT.

In general, it undergoes renormalization, develops scale
dependence and satisfies renormalization
group equations, which allow to resum large logarithms.




Quarkonium singlet static potential at N*4LO
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Quarkonium singlet static potential at N*4LO

Vi(r.p) = —Cp as(1/7)
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Quarkonium singlet static potential at N*4LO

Vi(r.p) = —Cp as(1/7)
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COmparISOn Wlth |attICe data (red p0|ntS Necco Sommer 2002 )

ro(Eo(0)—Eo(Fmin) +Eo ™™ (Fmin))

| | | | |

S0 080 A
r/ry N. Brambilla, Garcia, Soto, Vairo 010

Yellow band : uncertainty in alpha_s (r_0*Lambda_QCD_MS)

Green band: uncertainty in higher order terms



Quarkonium singlet static energy at N*3LI in
COmparISOn Wlth |attICe data (red p0|ntS Necco Sommer 2002 )

Tree level- e i s

ro(Eo(0)—Eo(Fmin) +Eo ™™ (Fmin))

| | | | |

S0 080 A
r/ry N. Brambilla, Garcia, Soto, Vairo 010

Yellow band : uncertainty in alpha_s (r_0*Lambda_QCD_MS)

Green band: uncertainty in higher order terms



Quarkonium singlet static energy at N*3LI in
COmparISOn Wlth |attICe data (red p0|ntS Necco Sommer 2002 )

Tree level- e i s

ro(Eo(0)—Eo(Fmin) +Eo ™™ (Fmin))

| | | | |

S0 080 A
r/ry N. Brambilla, Garcia, Soto, Vairo 010

Yellow band : uncertainty in alpha_s (r_0*Lambda_QCD_MS)

Green band: uncertainty in higher order terms



Quarkonium singlet static energy at N*3LI in
COmparISOn Wlth |attICe data (red p0|ntS Necco Sommer 2002 )

Tree level- e i s

ro(Eo(0)—Eo(Fmin) +Eo ™™ (Fmin))

| | | | |

S0 080 A
r/ry N. Brambilla, Garcia, Soto, Vairo 010

Yellow band : uncertainty in alpha_s (r_0*Lambda_QCD_MS)

Green band: uncertainty in higher order terms



Quarkonium singlet static energy at N*3LI in
comparison with lattice data (red points  Necco Sommer 2002 )
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Quarkonium singlet static energy at NA3LI in
comparison with lattice data (red points  Necco Sommer 2002 )

r0(Eo(t)=Eo(Fmin) +Eo™ (Fmin))

e Very good convergence of the QCD bound state perturbative series

e The lattice data are perfectly described from perturbation
theory up to more than 0.2 fm

e Allows to rule out models: no string contribution at small r |

¢ Allows precise extraction of fundamental parameters of QCD

TOAMS i 06221_88%2 N. Brambilla, Garcia, Soto, Vairo 010)



QQbar singlet static energy at NA3LI iIn comparison with unquenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoyv, N. B., Garcia, Petreczky, Soto, Vairo , 2012
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O, extraction

0.

D i AR T DR s 200
Q (GeV)

We obtain an extraction of al%has at NA31.O plus leadin 08 resummation
at the lowest energy scale (at the m_c mass)!

(= )

as(p =1.5GeV,ns = 3) = 0.326 + 0.019

corresponding to

ol ne=— 0= 0.1156+8:883§

Bazanov, N. B., Garcia, Petreczky, Soto, Vairo , 2012



Applications to Quarkonium thSiCSZ for references see the QWG doc
systems with small radius

arXiv:1010.5827

c and b masses at NNLO, N3LO*, NNLL*:

B. mass at NNLO: Penin et al 04

B*, n¢, m, masses at NLL; Kniehl ef al 04

Quarkonium 1P fine splittings at NLO;

T (1S), np electromagnetic decays at NNLL;

Y (1S) and J/+ radiative decays at NLO;

T(1S) — ymp, J/v — yne at NNLO;

tt cross section at NNLL;

QQq and QQQ baryons: potentials at NNLO, masses, hyperfine splitting, ... ;N. B. et al 010

Thermal effects on quarkonium in medium: potential, masses (at mag), widths, ...;

BlJ/ — 9me(lS)) = (1.6 - 1'1)% N. B. Yu Jia A. Vairo 2005

B(Y(1S) — yne(1S)) = (2.85 £ 0.30) x 10~*

I'(n75(1S) — vvy) = 0.54 +£0.15 keV .
Y. Kiyo, A. Pinedqa, A. Signer 2010

T'(ny(1S) — LH) = 7-16 MeV


http://arXiv.org/abs/arXiv:1010.5827
http://arXiv.org/abs/arXiv:1010.5827

Quarkonium systems with large radius

TNAQCD
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Quarkonium develops a gap to hybrids

Bali et al. 98
A O S /\Cg(j[)
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eintegrate out all scales above TIlU

* gluonic excitations develop a gap AQCD
and are integrated out
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Quarkonium develops a gap to hybrids

Bali et al. 98
A O S /\Cg(j[)

2

eintegrate out all scales above TIlU

1 gluonic excitations develop a gap AQCD
and are integrated out

quenched —=—
K= 015480 =

(£5 ; 115 é 2¥5
r/rq
— The singlet quarkonium field S of energy muv?

Is the only the degree of freedom of pPNRQCD
(up to ultrasoft light quarks, e.g. pions).
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A potential description emerges from the EFT
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A potential description emerges from the EFT

e The potentials V = ReV 4+ ImV from QCD in the matching:
get spectra and decays




il

strongly coupled pNRQCD 7~ Agep

— The singlet quarkonium field S of energy muv?
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A potential description emerges from the EFT

e The potentials V = ReV 4+ ImV from QCD in the matching:

get spectra and decays

V to be calculated on the lattice or in QCD vacuum models
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Quarkonium singlet static potential

V =V 1
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Quarkonium singlet static potential
_ a _

m,2

V =V 1

(Vsp + Vv )

V% = lim —In Wir xT))= lim  In¢

T'—o0 T'—0o0

e
W = <exp{igjl§A“dazu})




Quarkonium singlet static potential

P
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Luarkonium singlet static potentia

Potenftials are given in a factorized form as product of
NRQCD matching coefficients and low energy terms. These are
gauge invariant wilson loop with electric and magnetic insertions

| /A potential

l

2

v T Gev

r [fm]
Koma Wittig PoS LATZ2007(07)111




QCD Spin dependent potentials

2k /'I‘
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Eichten Feinberg 81, Gromes 84,

Chen et al.
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QCD Spin dependent potentials
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Eichten Feinberg 81, Gromes 84, Chen et al. 95 Brambilla Vairo 99

-factorization; power counting;
QM divergences absorbed by
NRQCD matching coefficients




Spin dependent potentials

Yo [GeVr)
Vi [Gev]

V. [GeV
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Koma Koma Wittig 05, Koma Koma C

Terrific advance in the data precision with LUuscher multivel algorithm!




Spin dependent potentials

V) [GeV

Vi [Gev]

W.or) [GeV

r [fm]

Koma Koma Wittig 05, Koma Koma 06

Terrific advance in the data precision with LUuscher multivel algorithm!

Such data can distinguish different models for the dynamics
of low energy QCD




Confirmed in the spectrum, e.g. no long range spin-spin
iInteraction

hw hb

Events/2 MeV

3.52 3.53 3.54 3.55
0 ) )
1t recoil mass in GeV

My, = 3524.4 +£ 0.6 = 0.4 MeV o CLEO PRL 95 (2005) 102003
My, = 3525.8 £ 0.2+ 0.2 MeV, ' <1MeV o E835 PRD 72 (2005) 032001
My, = 3525.40 £0.13 £ 0.18 MeV, [' <1.44MeV oBES PRL 104 (2010) 132002
To be compared with M o.¢.(1P) = 3525.36 = 0.2 + 0.2 MeV.

e Also

Mp, =9902 4+ 1MeV o BABAR arXiv:1102.4565
To be compared with Mc .¢. (1P) = 9899.87 £+ 0.28 £+ 0.31 MeV.




Exact relations from Poincare’ invariance

The EFT is still Poincare’ invariant-> this induces relations

among the potentials
I

1

¢

i V(1)
4

A Pp=60
A Pp=6.3

e. g.

Vo(r) = Va(r) = Vi(r)
e =60
O B=63

V,'(1) - V(1)

ITis a check of the
lattice calculation

0.4
r [fm]

relations involving spin

Independent potentials

many other relations among

potentials in the EFT
0.6

VC+iVe
0.4

m 3=5.85]
e [=6.00
V92
L2 0 B=5.85[
0.0

-0.2

0.4
0.0

r [fm]

Koma Koma Wittig PoS LAT2007 (2007) 111



QCD Spin independent potentials
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QCD Spin independent potentials

(s/ dt +* <H>+< 1:: >);.«-"

/ df{ﬂ} + (di1 + Crds+ 7Cragc fﬂfl'" L r)

—-./ {Efl/ df; / {Efgffg—fg\:l ( }+<|:.J})

cC

—|—/ ffgfl / {Efg[;fl—fgjgvi
4 ()
1 1
x({} +3<>+5<>)

_‘}h“'fﬂbt“ /{EEKQ« w;:!.rf[\K\:I( f,imc[\KW'I( chtLK}}}E

Erambilla et al. 88 90, Pineda Vairoc 00

field strength insertions under calculation on the lattice

and in QCD vacuum models



The low energy physics is now factorized in Wilson
loops: they can be calculated on the lattice, in QCD
vacuum models, in string theory
they can be used to probe the confinement mechanism
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Physics
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The low energy physics is now factorized in Wilson loops:
they can be used to probe the confinement mechanism

many lattice investigations by Polikarpov and collaborators

HEP-LAT/O5 12003 P

STEE DR o) B SO
monopole currents winding
around the flux tube, studies

of monopole condensation

Static potential in maximal
abelian projection: “photon” and
monopole parts

Abelian projections and monopoles
M.N. Chernodub, M.l. Polikarpov (Moscow, ITEP). Jun 1997. 34 pp.

Published in In *Cambridge 1997, Confinement, duality, and nonperturbative aspects of QCD* 387-414
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http://inspirehep.net/search?cc=Institutions&p=institution:%22Moscow%2C%20ITEP%22&ln=ru
http://inspirehep.net/search?cc=Institutions&p=institution:%22Moscow%2C%20ITEP%22&ln=ru

The low energy physics is now factorized in Wilson loops:
they can be used to probe the confinement mechanism

many lattice investigations by Polikarpov and collaborators
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monopole parts by Polikarpov and his group to the
understanding of the confinement

Abelian projections and monopoles meChan ism
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Published in In *Cambridge 1997, Confinement, duality, and nonperturbative aspects of QCD* 387-414
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stars; Strongly coupled theories and Conformal Symmetry




QCD driven Strongly Coupled Physics:challenges, scenarios and
perspectives

N. Brambilla*T,! S. Eidelman’ 2 P. Foka'¥3 S. Gardner** A. S. Kronfeld’,> M.G. Alford®* ® R. Alkofer?’
M. Butenschoen?,® T.D. Cohen?.? J. Erdmenger? 19 M. Faberf !! L. Fabbietti*,!2 J. L. Goity*,!® B. Ketzer? 4
H.W. Linf,!5> F. J. Llanes-Estrada®,'® H. Meyert,!7 E. Pallante? ! P. Pakhlov?,19:20 M. 1. Polikarpov* 2122
H. Sazdjian?,2® A. Schmitt?,2* W. Michael Snow#,2% A. Vairof,! A. Vuorinen? 26 P. Arnold,2” P. Christakoglou,28
Z. Fodor,2?:39.31 R, Hollwieser,!! D. Keane,*? E. Kiritsis,>® M. Laine,® R. Mizuk,'?-2° G. Odyniec,** A. Pich,*
~W. Qiu,*%:3" G. Ricciardi,*® 3 K. Schwenzer,® X. Garcia. i Tormo,*® G. M. v. Hippel,*! and V. I . Zakharov?***

The document about "QCD driven Strongly Coupled Physics: challenges, scenarios and perspec-
tives” will be useful and impactful for the future developments in this field. The document will
be organized in the confX topical sections, we are addressing the following issues for each topical
section: **what have been the latest achievements /highlights in the field? **what are the most im-
portant open problems? **what are the most promising techniques/investigation avenues? **what
do experiments need from theory and theory need from experiments?

Misha Polikarpov

Vacuum Structure and Confinement; Heavy Quarks, Light Quarks;
Deconfinement and QGP; Searching new Physics with Precision
Experiments; Nuclear physics and dense QCD in colliders and compact
stars; Strongly coupled theories and Conformal Symmetry




Conclusions

Nonrelativistic Effective Field Theories provide a systematic tool
to iInvestigate a wide range of heavy quarkonium observables
in the realm of QCD

Allow us to make calculations with unprecented precision,
where high order perturbative calculations are possible
and to systematically factorize short from long range
contributions where observables are sentitive to the
nonperturbative dynamics of QCD

They allow us to give the appropriate definition and define @
calculational scheme for quantities of huge
phenomenological interest like the ggbar stafic energies and
the ggbar potential at finite T

in the EFT framework heavy quark bound states become a unique
laboratory for the study of strong interaction from the high energy
to the low energy scales




These theory tools can match some of the infense
experimental progress of the last few years and
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Selected Outlook for future research P&ce’?‘h.‘c

Finite T : masses, width of quarkonia states, impact of anisotropy of
the medium, transport coefficients of heavy quarks, energy I}g@ges,
viscosity :

Spectra/decays of quarkonia

Quarkonium-quarkonium van der Waals inferaction; ¥a\*

. . —‘O
quarkonium on nuclei 'lce»LﬂC

Quarkonium production NS, At
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Finite T : masses, width of quarkonia states, impact of anisotropy of
the medium, fransport coefficients of heavy quarks, energy ngges,
viscosity 1913
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Spectra/decays of quarkonia Be\\e»BES‘“’

EFT for states close to thresholds: X, Y, Z BES“L
Be\\ey
Quarkonium-quarkonium van der Waals interaction; Faiw

. . ’\()
quarkonium on nuclei 'lce»LﬂC

Y aﬂéa’

Quarkonium production NS, At

Invaluable effect of Spin-off of hadronic physics to other fields:

* An example among many: EFTs developed at finite T and for’
heavy masses used in cosmology: calculation of thermal
production of dark matter

Institute: “Jets, particle production and transport properties in
collider and cosmological environments”’, MITP Mainz 2014
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Heating quarkonium systems
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Quarkonium in a hot medium:
the interaction potential

Free energy vs potential

« Either phenomenological potentials have been used so far or the free energy
calculated on the lattice.

The free energy is not the static potential: the average free energy

(~ {Tr L*{ror L(0)}) is an overlap of singlet and octet quark-antiquark states,
what is called the singlet (~ (Tr LT (r) L(0)}) and the octet (~ (Tr LT(#)Tr L(0})
—1/3 (Tr LT (r) L(0))) free energy are gauge dependent;
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Quarkonium in a hot medium:
the interaction potential

Free energy vs potential

Either phenomenological potentials have been used so far or the free energy
calculated on the lattice.

The free energy is not the static potential: the average free energy

{(~ (Tr LT(r)Tr L(0)}) is an overlap of singlet and octet quark-antiquark states,
what is called the singlet (~ (Tr LT (r) L(0)}) and the octet {(~ (Tr LT(#)Tr L(0
—1/3 (Tr LT (r) L(0))) free energy are gauge dependent;
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Debye charge screening
(electromagnetic plasma)

—mpr
e D

It was believed
that the color

screening
of the potential
» originates quarkonium
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But, at finite temperature what is the quarkonium potential?
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The potential V(r,T) dictates throught the Schroedinger equation the
real time evolution of the QQbar pair in the medium-> use the EFT
to define and calculate it
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But, at finite temperature what is the quarkonium potential®?

The potential V(r,T) dictates throught the Schroedinger equation the
real time evolution of the QQbar pair in the medium-> use the EFT
to define and calculate it

more scales  m, > v > mu?

7 and AQCD
T > gT > g

mD/ ~ gl
Debye mass
Screening Scale

Without heavy quarks an EFT already exists that
comes from integrating out hard gluon of p \sim T:
Hard Thermal Loop EFT

Braaten Pisarski 20




: o : N. B. J. Ghiglieri, P. Petreczky,
Quarkonium at finite T with pNRQCD M Eorobadoh o ot

NRQCD gyt

PNRQCDyr




: S : N. B. J. Ghiglieri, P. Petreczky,
Quarkonium at finite T with pNRQCD B e A e o

NRQCD 7y

pPNRQCDy1.

We work under the conditions:

We assume that bound states exist for _ _
In the weak coupling regime:

o T'Km o v~ ag < 1; valid for tightly bound states: Y (1.9), J/4, ...

e (1/r) ~mv > mp o T'>gT ~mp.

We neglect smaller thermodynamical scales. Effects due to the scale Agcp will not be considered.



: S : N. B. J. Ghiglieri, P. Petreczky,
Quarkonium at finite T with pNRQCD M Eorobadoh o ot

PNRQCD at finite T allows us to
define the static QQbar potential
in the medium In real time

NRQCD 11

pPNRQCDy1.

We work under the conditions:

We assume that bound states exist for _ _
In the weak coupling regime:

o T'Km o v~ ag < 1; valid for tightly bound states: Y (1.9), J/4, ...

e (1/r) ~mv > mp o T'>gT ~mp.

We neglect smaller thermodynamical scales. Effects due to the scale Agcp will not be considered.



The singlet static potential

* The thermal part of the potential has a real and an imaginary part

ReVs (r,T) ImVs (T
L)

thermal width of QQ

N. B., GhigliefT, e e

Pefreczky, Vairo 2008 S|n let-to-octet | andau damping -9ifne erfal 2568
New effect specific of QCD Known from QED

dominates for E/m_D>>| dominates for m_D/E>>|

(gluo dissociation) (dissociation via inelastic

parton scattering)




* The thermal part of the potential has a real and an imaginary part

e
QVS (r,T)

thermal width of QQ

N. B., Ghiglieri, i e

Pefreczky, Vairo 2008 S|n let-to-octet Landau damping "9iNS siat 2868
New effect specific of QCD Known from QED

dominates for E/m_D>>| dominates for m_D/E>>|

* The imaginary part is bigger than the real part before the screening exp{-m_D r}
sets in

->the imaginary part is responsible for QQbar dissociation !
T 1/r>mp>V Quarkonium melts in the medium ;..

o Escobedo Soto arXiv:0804.0691
Laine arXiv:0810.1112

binding ™ ~ I




The singlet static potential

 Temperature effects can be other than screening




 Temperature effects can be other than screening

T>1/r and l/r~mp~gTl
exponential screening but ImV” > ReV

T>1/r and l/r>mp~gl

no exponential screening but
power-like T corrections

T < Ebin

no corrections to the potential,
corrections to the energy




Y(1S) at LHC below T d

The relative size of non-relativistic and thermal scales depends on the medium and on
the quarkonium state.

The bottomonium ground state , which is a weakly coupled non-relativistic bound state:
mv ~ mas, mv? ~ ma? > Aqcp, produced in the QCD medium of heavy-ion collisions

at the LHC may possibly realize the hierarchy

m~5GeV >mas~1.5GeV > 7T ~1GeV > ma? ~0.5GeV imD,AQCD

Vairo AIP CP 1317 (2011) 241 N B. Escobedo,

Y(1S) Ghiglieri, Soto ,Vairo
m. (MeV)|Ty (MeV) e
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The complete mass and width up to O(ma?)
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where F{ = — L apg = and L1 o (similar I7 o) is the Bethe logarithm.
9 2Mmaog

o Brambilla Escobedo Ghiglieri Soto Vairo JHEP 1009 (2010) 038

Consistent with NRQCD lattice calculations of spectral functions

o Aarts Allton Kim Lombardo Oktay Ryan Sinclair Skullerud
JHEP 1111 (2011) 103




