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• the physics of quarkonium and its 
present relevance

• experimental/theoretical  
challenges and  opportunities

• state of the art theory tools, 
experimental results

• selected examples of new results
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The  November revolution in 1974: 

J/ψ discoverythe

αs

it  has been the confirmation of the 
charm quark prediction and 

the foundation of QCD

narrow width and asymptotic freedom
annihilation at large scale controlled by small

first discovery of a quark of large mass moving “slowly”

Samuel Ting: “It is like to stumble on a 
village where people live 70000 

years”
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n=6

bbar and ccbar energy levels in comparison to 
Coulomb and linear potential energy levels

The November revolution in the ’70s: more quarkoniaquarkonium is an ideal system to study qcd
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n=6

bbar and ccbar energy levels in comparison to 
Coulomb and linear potential energy levels

Eichten et al . 75, 78, 80
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Variety of potential models used  



Since then  Quarkonium  is remained
a  golden system to study strong interactions

and to understand several QCD challenges
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A large scale

Heavy quarkonia are nonrelativistic bound 
systems: multiscale systems

Electromagnetic bound states: atoms, molecules,

Heavy quarks offer a privileged access to the strong 

sector of the Standard Model

Q

v

q

heavy light meson: HQET
only two scales exist                andm ΛQCD

A large scale αs(mQ) ! 1mQ ! ΛQCD

Q̄

Q

v

r

Quarkonium: nonrelativistic 

multiscale system 

m mv ∼ r
−1

mv
2

ΛQCD

v ! 1 → m # mv # mv
2

many scales: a challenge and an opportunity
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The rich structure of separated energy scales makes QQbar  an ideal probeQuarkonium as a confinement and deconfinement probe

It is precisely the rich structure of separated energy scales that makes quarkonium an
ideal probe of confinement and deconfinement.

• The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.
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Low lying QQ̄ High lying QQ̄

◦ Godfrey Isgur PRD 32(85)189

• Different quarkonia will dissociate in a medium at different temperatures, providing
a thermometer for the plasma.

◦ Matsui Satz PLB 178(86)416

At zero temperature 

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



A simulated collision of lead ions, courtesy the 
ALICE experiment at CERN

When we heat matter 
 at finite Temperature (T) 

in heavy ion collisions

we need clear 
probes 
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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 

Debye charge screening 

V (r) ∼ −αs
e−mDr

r

mD ∼ gT

Matsui Satz 1986
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Quarkonium Today is 
a  golden system to study strong interactions

many experimental data and opportunities

new theoretical tools: 
Effective Field Theories  (EFTs) of QCD

and progress in lattice QCD



B-FACTORIES: Heavy Mesons Factories  

CLEO-c BESIII tau charm factories 
CLEO-III bottomonium factory

Fermilab CDF, D0, E835  

Hera  RHIC  (Star, Phenix), NA60 

Today: new data
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TABLE 10: Quarkonium-like states at the open flavor thresholds. For charged states, the C-parity is given for the neutral
members of the corresponding isotriplets.

State M, MeV Γ, MeV JPC Process (mode) Experiment (#σ) Year Status
X(3872) 3871.68± 0.17 < 1.2 1++ B → K(π+π−J/ψ) Belle [772, 992] (>10), BaBar [993] (8.6) 2003 Ok

pp̄ → (π+π−J/ψ) ... CDF [994, 995] (11.6), D0 [996] (5.2) 2003 Ok
pp → (π+π−J/ψ) ... LHCb [997, 998] (np) 2012 Ok
B → K(π+π−π0J/ψ) Belle [999] (4.3), BaBar [1000] (4.0) 2005 Ok
B → K(γ J/ψ) Belle [1001] (5.5), BaBar [1002] (3.5) 2005 Ok

LHCb [1003] (> 10)
B → K(γ ψ(2S)) BaBar [1002] (3.6), Belle [1001] (0.2) 2008 NC!

LHCb [1003] (4.4)
B → K(DD̄∗) Belle [1004] (6.4), BaBar [1005] (4.9) 2006 Ok

Zc(3885)+ 3883.9± 4.5 25± 12 1+− Y (4260) → π−(DD̄∗)+ BES III [1006] (np) 2013 NC!
Zc(3900)+ 3891.2± 3.3 40± 8 ??− Y (4260) → π−(π+J/ψ) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok

T. Xiao et al. [CLEO data] [1009] (>5)
Zc(4020)+ 4022.9± 2.8 7.9± 3.7 ??− Y (4260, 4360) → π−(π+hc) BES III [1010] (8.9) 2013 NC!
Zc(4025)+ 4026.3± 4.5 24.8± 9.5 ??− Y (4260) → π−(D∗D̄∗)+ BES III [1011] (10) 2013 NC!
Zb(10610)+ 10607.2± 2.0 18.4± 2.4 1+− Υ(10860) → π(πΥ(1S, 2S, 3S)) Belle [1012–1014] (>10) 2011 Ok

Υ(10860) → π−(π+hb(1P, 2P )) Belle [1013] (16) 2011 Ok
Υ(10860) → π−(BB̄∗)+ Belle [1015] (8) 2012 NC!

Zb(10650)+ 10652.2± 1.5 11.5± 2.2 1+− Υ(10860) → π−(π+Υ(1S, 2S, 3S)) Belle [1012, 1013] (>10) 2011 Ok
Υ(10860) → π−(π+hb(1P, 2P )) Belle [1013] (16) 2011 Ok
Υ(10860) → π−(B∗B̄∗)+ Belle [1015] (6.8) 2012 NC!

LHCb evidence pointing towards existence of this chan-

nel [1003]. The dominant decay mode of the X(3872) is

D∗0D̄0 [1004, 1005, 1039], as expected for the molecule,

however, the absolute branching fraction is not yet de-

termined. These questions will have to wait for Belle II

data.

Charged bottomonium-like states Zb(10610) and

Zb(10650) are observed by Belle as intermediate

Υ(nS)π±
and hb(mP )π±

resonances in the Υ(5S) →
π+π−Υ(nS) and Υ(5S) → π+π−hb(mP ) decays [1013].

The nonresonant contribution is sizable for the Υ(5S) →
π+π−Υ(nS) decays and is consistent with zero for the

Υ(5S) → π+π−hb(mP ) decays. The mass and width of

the Zb states were measured from the amplitude analysis,

assuming a Breit–Wigner form of the Zb amplitude. The

parameters are in agreement among all five decay chan-

nels, with the average values M1 = (10607.4±2.0) MeV,

Γ1 = (18.4± 2.4) MeV and M2 = (10652.2± 1.5) MeV,

Γ2 = (11.5 ± 2.2) MeV. The measured Zb(10610) and

Zb(10650) masses coincide within uncertainties with the

BB̄∗
and B∗B̄∗

thresholds, respectively.

Belle observed the Zb(10610) → BB̄∗
and

Zb(10650) → B∗B̄∗
decays with the significances of 8σ

and 6.8σ, respectively, using the partially reconstructed

Υ(5S) → (B(∗)B̄∗
)
±π∓

transitions [1015]. Despite

much larger phase space, no significant signal of the

Zb(10650) → BB̄∗
decay was found. Assuming that the

decays observed so far saturate the Zb decay table, Belle

calculated the relative branching fractions of Zb(10610)

and Zb(10650) (Table 11). The Zb(10610) → BB̄∗
and

Zb(10650) → B∗B̄∗
decays are dominant with a branch-

ing fraction of about 80%. If the Zb(10650) → BB̄∗

channel is included in the decay table, its branching

fraction is B(Zb(10650) → BB̄∗
) = (25 ± 10)% and all

other Zb(10650) branching fractions are reduced by a

TABLE 11: Branching fractions (B) of Zbs in per cent.

Channel B of Zb(10610) B of Zb(10650)
π+Υ(1S) 0.32± 0.09 0.24± 0.07
π+Υ(2S) 4.38± 1.21 2.40± 0.63
π+Υ(3S) 2.15± 0.56 1.64± 0.40
π+hb(1P ) 2.81± 1.10 7.43± 2.70
π+hb(2P ) 4.34± 2.07 14.8± 6.22
B+B̄∗0 + B̄0B∗+ 86.0± 3.6 –
B∗+B̄∗0 – 73.4± 7.0

factor of 1.33.

Belle observed the neutral member of the Zb(10610)

isotriplet by performing a Dalitz analysis of the

Υ(5S) → π0π0Υ(nS) (n = 1, 2, 3) decays [1014]. The

Zb(10610)
0
significance combined over the π0Υ(2S) and

π0Υ(3S) channels is 6.5σ. The measured mass value

MZb(10610)0 = (10609± 6) MeV is in agreement with the

mass of the charged Zb(10610)
±
. No significant signal

of the Zb(10650)
0
is found; the data are consistent with

the existence of the Zb(10650)
0
state, but the available

statistics are insufficient to observe it.

To determine the spin and parity of the Zb states, Belle

performed a full 6-dimensional amplitude analysis of the

Υ(5S) → π+π−Υ(nS) (n = 1, 2, 3) decays [1040]. The

Zb(10610) and Zb(10650) are found to have the same

spin-parity JP
= 1

+
, while all other hypotheses with

J ≤ 2 are rejected at more than 10σ level. The high-

est discriminating power is provided by the interference

pattern between the Zb signals and the nonresonant con-

tribution.

Proximity to the BB̄∗
and B∗B̄∗

thresholds suggests

that the Zb states have molecular structure, i.e., their

wave function at large distances is the same as that of an
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öllw

ieser, 1
3

M
.A

.
Jan

ik, 3
5
A
.
K
alw

eit, 3
6
D
.
K
ean

e, 3
7
E
.
K
iritsis, 3

8
, 3

9
, 4

0
A
.
M
isch

ke, 4
1
R
.
M
izu

k, 1
9
, 4

2

G
.
O
d
yn

iec, 4
3
K
.
P
ap

ad
od

im
as, 2

1
A
.
P
ich

, 4
4
R
.
P
ittau

, 4
5
J.-W

.
Q
iu
, 4
6
, 4

7
G
.
R
icciard

i, 4
8
, 4

9

C
.A

.
S
algad

o, 5
0
K
.
S
chw

en
zer, 7

N
.G

.
S
tefan

is, 5
1
G
.M

.
von

H
ip
p
el, 1

8
an

d
V
.I.

Z
akh

arov
1
1
, 1

9

1P
hysik

D
epartm

en
t,

T
echn

ische
U
n
iversität

M
ü
n
chen

,
J
am

es-F
ran

ck-S
traß

e
1,

85748
G
archin

g,
G
erm

an
y

2B
u
dker

In
stitu

te
of

N
u
clear

P
hysics,

S
B

R
A
S
,
N
ovosibirsk

630090,
R
u
ssia

3N
ovosibirsk

S
tate

U
n
iversity,

N
ovosibirsk

630090,
R
u
ssia

4G
S
I
H
elm

holtzzen
tru

m
fü
r
S
chw

erion
en

forschu
n
g
G
m
bH

,
P
lan

ckstraß
e
1,

64291
D
arm

stadt,
G
erm

an
y

5D
epartm

en
t
of

P
hysics

an
d
A
stron

om
y,

U
n
iversity

of
K
en

tu
cky,

L
exin

gton
,
K
Y

40506-0055,
U
S
A

6T
heoretical

P
hysics

D
epartm

en
t,

F
erm

i
N
ation

al
A
ccelerator

L
aboratory,

P
.O

.
B
ox

500,
B
atavia,

Illin
ois

60510-5011,
U
S
A

7D
epartm

en
t
of

P
hysics,

W
ashin

gton
U
n
iversity,

S
t
L
ou

is,
M
O
,
63130,

U
S
A

8U
n
iversity

of
G
raz,

8010
G
raz,

A
u
stria

9U
n
iversity

of
V
ien

n
a,

F
acu

lty
of

P
hysics,

B
oltzm

an
n
gasse

5,
1090

W
ien

,
A
u
stria

1
0M

arylan
d
C
en

ter
for

F
u
n
dam

en
tal

P
hysics

an
d
the

D
epartm

en
t
of

P
hysics,

U
n
iversity

of
M
arylan

d,
C
ollege

P
ark,

M
D

20742-4111,
U
S
A

1
1M

ax-P
lan

ck-In
stitu

te
for

P
hysics,

F
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TABLE 12: Quarkonium-like states above the corresponding open flavor thresholds. For charged states, the C-parity is given
for the neutral members of the corresponding isotriplets.

State M, MeV Γ, MeV JPC Process (mode) Experiment (#σ) Year Status

Y (3915) 3918.4± 1.9 20± 5 0/2?+ B → K(ωJ/ψ) Belle [1050] (8), BaBar [1000, 1051] (19) 2004 Ok

e+e− → e+e−(ωJ/ψ) Belle [1052] (7.7), BaBar [1053] (7.6) 2009 Ok

χc2(2P ) 3927.2± 2.6 24± 6 2++ e+e− → e+e−(DD̄) Belle [1054] (5.3), BaBar [1055] (5.8) 2005 Ok

X(3940) 3942+9
−8 37+27

−17 ??+ e+e− → J/ψ (DD̄∗) Belle [1048, 1049] (6) 2005 NC!

Y (4008) 3891± 42 255± 42 1−− e+e− → (π+π−J/ψ) Belle [1008, 1056] (7.4) 2007 NC!

ψ(4040) 4039± 1 80± 10 1−− e+e− → (D(∗)D̄(∗)(π)) PDG [1] 1978 Ok

e+e− → (ηJ/ψ) Belle [1057] (6.0) 2013 NC!

Z(4050)+ 4051+24
−43 82+51

−55 ??+ B̄0 → K−(π+χc1) Belle [1058] (5.0), BaBar [1059] (1.1) 2008 NC!

Y (4140) 4145.8± 2.6 18± 8 ??+ B+ → K+(φJ/ψ) CDF [1060] (5.0), Belle [1061] (1.9), 2009 NC!

LHCb [1062] (1.4), CMS [1063] (>5)

D0 [1064] (3.1)

ψ(4160) 4153± 3 103± 8 1−− e+e− → (D(∗)D̄(∗)) PDG [1] 1978 Ok

e+e− → (ηJ/ψ) Belle [1057] (6.5) 2013 NC!

X(4160) 4156+29
−25 139+113

−65 ??+ e+e− → J/ψ (D∗D̄∗) Belle [1049] (5.5) 2007 NC!

Z(4200)+ 4196+35
−30 370+99

−110 1+− B̄0 → K−(π+J/ψ) Belle [1065] (7.2) 2014 NC!

Z(4250)+ 4248+185
−45 177+321

−72 ??+ B̄0 → K−(π+χc1) Belle [1058] (5.0), BaBar [1059] (2.0) 2008 NC!

Y (4260) 4250± 9 108± 12 1−− e+e− → (ππJ/ψ) BaBar [1066, 1067] (8), CLEO [1068, 1069] (11) 2005 Ok

Belle [1008, 1056] (15), BES III [1007] (np)

e+e− → (f0(980)J/ψ) BaBar [1067] (np), Belle [1008] (np) 2012 Ok

e+e− → (π−Zc(3900)+) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok

e+e− → (γX(3872)) BES III [1070] (5.3) 2013 NC!

Y (4274) 4293± 20 35± 16 ??+ B+ → K+(φJ/ψ) CDF [1060] (3.1), LHCb [1062] (1.0), 2011 NC!

CMS [1063] (>3), D0 [1064] (np)

X(4350) 4350.6+4.6
−5.1 13+18

−10 0/2?+ e+e− → e+e−(φJ/ψ) Belle [1071] (3.2) 2009 NC!

Y (4360) 4354± 11 78± 16 1−− e+e− → (π+π−ψ(2S)) Belle [1072] (8), BaBar [1073] (np) 2007 Ok

Z(4430)+ 4458± 15 166+37
−32 1+− B̄0 → K−(π+ψ(2S)) Belle [1074, 1075] (6.4), BaBar [1076] (2.4) 2007 Ok

LHCb [1077] (13.9)

B̄0 → K−(π+J/ψ) Belle [1065] (4.0) 2014 NC!

X(4630) 4634+9
−11 92+41

−32 1−− e+e− → (Λ+
c Λ̄−

c ) Belle [1078] (8.2) 2007 NC!

Y (4660) 4665± 10 53± 14 1−− e+e− → (π+π−ψ(2S)) Belle [1072] (5.8), BaBar [1073] (5) 2007 Ok

Υ(10860) 10876± 11 55± 28 1−− e+e− → (B(∗)
(s) B̄

(∗)
(s) (π)) PDG [1] 1985 Ok

e+e− → (ππΥ(1S, 2S, 3S)) Belle [1013, 1014, 1079] (>10) 2007 Ok

e+e− → (f0(980)Υ(1S)) Belle [1013, 1014] (>5) 2011 Ok

e+e− → (πZb(10610, 10650)) Belle [1013, 1014] (>10) 2011 Ok

e+e− → (ηΥ(1S, 2S)) Belle [948] (10) 2012 Ok

e+e− → (π+π−Υ(1D)) Belle [948] (9) 2012 Ok

Yb(10888) 10888.4± 3.0 30.7+8.9
−7.7 1−− e+e− → (π+π−Υ(nS)) Belle [1080] (2.3) 2008 NC!

sured using ISR [1085]. The partial widths are mea-
sured to be Γ[ψ(4040, 4160) → ηJ/ψ] ∼ 1 MeV. Thus
it seems to be a general feature of all charmonium(-
like) states above the open charm thresholds to have in-
tense hadronic transitions to lower charmonia. A sim-
ilar phenomenon is found in the bottomonium sector:
In 2008 Belle observed anomalously large rates of the
Υ(5S) → π+π−Υ(nS) (n = 1, 2, 3) transitions with
partial widths of 300−400 keV [1079]. Recently Belle re-
ported preliminary results on the observation ofΥ(5S) →
ηΥ(1S, 2S) and Υ(5S) → π+π−Υ(1D) with anomalously
large rates [948]. It is proposed that these anomalies are
due to rescatterings [1086, 1087]. The large branching
fraction of the Υ(4S) → Υ(1S)η decay observed in 2010

by BaBar could have a similar origin [1088]. The mech-
anism can be considered either as a rescattering of the
DD̄ or BB̄ mesons, or as a contribution of the molec-
ular component to the quarkonium wave function. The
model in which Y (4260) is a D1(2420)D̄ molecule nat-
urally explains the high probability of the intermediate
molecular resonance in the Y (4260) → π+π−J/ψ transi-
tions [1089, 1090] and predicts the Y (4260) → γX(3872)
transitions with high rates [1091]. Such transitions have
recently been observed by BES III, with [1070]

σ[e+e− → γX(3872)]

σ[e+e− → π+π−J/ψ]
∼ 11%. (4.15)
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M.A. Janik,35 A. Kalweit,36 D. Keane,37 E. Kiritsis,38, 39, 40 A. Mischke,41 R. Mizuk,19, 42

G. Odyniec,43 K. Papadodimas,21 A. Pich,44 R. Pittau,45 J.-W. Qiu,46, 47 G. Ricciardi,48, 49

C.A. Salgado,50 K. Schwenzer,7 N.G. Stefanis,51 G.M. von Hippel,18 and V.I. Zakharov11, 19

1Physik Department, Technische Universität München,
James-Franck-Straße 1, 85748 Garching, Germany

2Budker Institute of Nuclear Physics, SB RAS, Novosibirsk 630090, Russia
3Novosibirsk State University, Novosibirsk 630090, Russia

4GSI Helmholtzzentrum für Schwerionenforschung GmbH, Planckstraße 1, 64291 Darmstadt, Germany
5Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506-0055, USA

6Theoretical Physics Department, Fermi National Accelerator Laboratory,
P.O. Box 500, Batavia, Illinois 60510-5011, USA

7Department of Physics, Washington University, St Louis, MO, 63130, USA
8University of Graz, 8010 Graz, Austria

9University of Vienna, Faculty of Physics, Boltzmanngasse 5, 1090 Wien, Austria
10Maryland Center for Fundamental Physics and the Department of Physics,

University of Maryland, College Park, MD 20742-4111, USA
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34Albert Einstein Center for Fundamental Physics, Institut für Theoretische Physik,
Universität Bern, Sidlerstraße 5, 3012 Bern, Switzerland

35Faculty of Physics, Warsaw University of Technology, 00-662 Warsaw, Poland
36European Organization for Nuclear Research (CERN), Geneva, Switzerland

37Kent State University, Department of Physics, Kent, OH 44242, USA
38Crete Center for Theoretical Physics, Department of Physics, University of Crete, 71003 Heraklion, Greece.
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We highlight the progress, current status, and open challenges of QCD-driven physics, in theory
and in experiment. We discuss how the strong interaction is intimately connected to a broad sweep
of physical problems, in settings ranging from astrophysics and cosmology to strongly-coupled,
complex systems in particle and condensed-matter physics, as well as to searches for physics beyond
the Standard Model. We also discuss how success in describing the strong interaction impacts other
fields, and, in turn, how such subjects can impact studies of the strong interaction. In the course of
the work we offer a perspective on the many research streams which flow into and out of QCD, as
well as a vision for future developments.
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In QCD another scale is relevant ΛQCD

Quarkonium with NR EFT: pNRQCD
strongly 
coupled 
pNRQCD

weakly 
coupled 
pNRQCD
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 Lepage, Thacker 88
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Quarkonium with EFTEFTs for Quarkonium

Caswell, Lepage 86,

 Lepage, Thacker 88

                      Bodwin, Braaten, Lepage 95......

Pineda, Soto 97, N.B. et al, 99,00,

Luke Manohar 97, Luke Savage 98, 

Beneke Smirnov 98, Labelle 98

Labelle 98, Grinstein Rothstein 98

Kniehl, Penin 99, Griesshammer 00,

 Manohar Stewart 00, Luke et al 00,

 Hoang et al 01, 03->established in a series of papers:
Pineda, Soto 97, N.B., Pineda, Soto, Vairo 99

N.B. Vairo,   Pineda, Soto  00--014
N.B., Pineda, Soto, Vairo Review of Modern Physis 77(2005) 
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since end of the nineties gives the 

theoretical framework to study 
quarkonium production at 

TEVATRON and LHC

Physics at the scale m : NRQCD

framework to study quarkonium 
decays where singlet IR divergences 

are cancelled by colot octet 
conyributions



Physics at the scale mv and 
mv^2 : pNRQCD  

bound state formation 



pNRQCD is today the theory used to address 
quarkonium bound states properties

high order perturbative calculations   
Resonances 

•Spectra

•Decays
Inclusive& seminclusive decays   
theory of M1 and E1 transitions  
Electromagnetic widths, Lines Shapes 

• Doubly charmed baryons and QQQ

•Standard model parameters extraction
c and b masses, alpha_s   

• Gluelumps and Hybrids

• Threshold ttbar cross section (for the ILC) 

•Nonperturbative potentials for the lattice 

•potential and spectra at finite T  
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The  issue here is  precision physics  and the study of confinement 

• Precise  and systematic high order calculations allow the  
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The EFT  has been constructed 

Several cases for the physics at hand

*Work at calculating higher order perturbative corrections

in v and alpha_s

*Resumming the log

*Calculating/extracting  nonperturbatively the low energy  

quantities  

*Extending the theory (electromagnetic effect, 3 bodies)

The EFT  has not yet been  constructed 

*Degrees of freedom still to be identified

The EFT  is being   constructed 

*Results in the static limit that hints at a new physical picture

(Exotics close to threshold) 

(Finite T ) 

(away  from theshold)



pNRQCD and quarkonium Several cases for the physics at hand

The EFT is being constructed  (Finite T)

*Results on the static potential hint at a new physical picture of dissociation

*Mass and width of quarkonium  at m alpha^5(Y(1S) bbar at LHC)

*Polyakov loop calculation

Laine et al, 2007, Escobedo, Soto 
2007 N. B. et al.2008-2014

N. B. Escobedo, 
Ghiglieri,  Vairo Soto,

 2010-2014
N. B. et al. 2010



pNRQCD and quarkonium Several cases for the physics at hand

The EFT is being constructed  (Finite T)

*Results on the static potential hint at a new physical picture of dissociation

*Mass and width of quarkonium  at m alpha^5(Y(1S) bbar at LHC)

*Polyakov loop calculation

Laine et al, 2007, Escobedo, Soto 
2007 N. B. et al.2008-2014

N. B. Escobedo, 
Ghiglieri,  Vairo Soto,

 2010-2014
N. B. et al. 2010

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



pNRQCD and quarkonium Several cases for the physics at hand

The EFT  has been constructed 

Several cases for the physics at hand

*Work at calculating higher order perturbative corrections

in v and alpha_s

*Resumming the log

*Calculating/extracting  nonperturbatively the low energy  

quantities  

*Extending the theory (electromagnetic effect, 3 bodies)

The EFT  has not yet been  constructed 

*Degrees of freedom still to be identified

The EFT  is being   constructed 

*Results in the static limit that hints at a new physical picture

(Exotics close to threshold) 

(Finite T ) 

The EFT is being constructed  (Finite T)

*Results on the static potential hint at a new physical picture of dissociation

*Mass and width of quarkonium  at m alpha^5(Y(1S) bbar at LHC)

*Polyakov loop calculation

Laine et al, 2007, Escobedo, Soto 
2007 N. B. et al.2008-2014

N. B. Escobedo, 
Ghiglieri,  Vairo Soto,

 2010-2014
N. B. et al. 2010

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



pNRQCD and quarkonium Several cases for the physics at hand

The EFT  has been constructed 

Several cases for the physics at hand

*Work at calculating higher order perturbative corrections

in v and alpha_s

*Resumming the log

*Calculating/extracting  nonperturbatively the low energy  

quantities  

*Extending the theory (electromagnetic effect, 3 bodies)

The EFT  has not yet been  constructed 

*Degrees of freedom still to be identified

The EFT  is being   constructed 

*Results in the static limit that hints at a new physical picture

(Exotics close to threshold) 

(Finite T ) 

The EFT is being constructed  (Finite T)

*Results on the static potential hint at a new physical picture of dissociation

*Mass and width of quarkonium  at m alpha^5(Y(1S) bbar at LHC)

*Polyakov loop calculation

Laine et al, 2007, Escobedo, Soto 
2007 N. B. et al.2008-2014

N. B. Escobedo, 
Ghiglieri,  Vairo Soto,

 2010-2014
N. B. et al. 2010

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

*ongoing applications  to the hybrid spectrum 
M. Berwein, N.B., J. Tarrus, A. Vairo 2014



Quarkonium systems with small radius 

r � Λ−1
QCD



pNRQCD for quarkonia with small radius      r � Λ−1
QCD

pNRQCD formv ! ΛQCD

Degrees of freedom that scale like mv are integrated out:

!  "  V(µr)

NRQCD pNRQCD

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2

momentum <∼ mv

⇒ i) singlet S ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2



pNRQCD for quarkonia with small radius      r � Λ−1
QCD

(Weakly coupled) pNRQCD Lagrangian for QQ̄

• If mv ! ΛQCD, the matching is perturbative

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2 and momentum <
∼ mv

⇒ (i) singlet S (ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2

• Definite power counting: r ∼
1

mv
and t, R ∼

1

mv2
, 1

ΛQCD

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

Non-analytic behaviour in r → matching coefficients V

pNRQCD formv ! ΛQCD

Degrees of freedom that scale like mv are integrated out:

!  "  V(µr)

NRQCD pNRQCD

• Degrees of freedom: quarks and gluons
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momentum <∼ mv
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Gluons with energy and momentum ∼ ΛQCD, mv2



weak pNRQCD r � Λ−1
QCD

Case 1: pNRQCD formv ! ΛQCD
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Singlet static potential
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QCD  singlet static potential 

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.
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Quarkonium singlet static potential at N^4LO
The static potential at N4LO
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Two problems:
1)Bad convergence of the series due to large beta_0 terms

2) Large logs

The eft  cures both:
1) Renormalon subtracted scheme 

2) Renormalization group summation of the logs

up to N^3LL (α4+n
s lnn αs).               N. B Garcia, Soto Vairo 2007, 2009, Pineda, Soto

Beneke 98, Hoang, Lee 99, Pineda 01, N.B. Pineda 
Soto, Vairo 09

for long it was believed  that such series was not convergent

problem for any phenomenological application
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• Very good convergence of the QCD bound state perturbative series

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

•Allows to rule out models: no string contribution at small r !

• Allows precise extraction of fundamental parameters of QCD

 N. Brambilla, Garcia, Soto, Vairo 010)r0ΛM̄S = 0.622+0.019
−0.015
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Good  convergence to the lattice data 
Lattice data less  accurate in the unquenched case



αs extraction

ρ = 3.14r−1
0
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Bazanov, N. B., Garcia, Petreczky, Soto, Vairo , 2012, update  under 
work 2014 

αs(ρ = 1.5GeV, nf = 3) = 0.326± 0.019

αs(Mz, nf = 5) = 0.1156+0.0021
−0.0022

We obtain an extraction of alphas at N^3LO plus leading log resummation
at the lowest energy scale (at the m_c mass)!

corresponding to



Applications to Quarkonium physics: 
systems with small radius 
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entirely determined by the quark anomalous mag-
netic moment. Since the quark magnetic moment
appears at the scale m, it is accessible by pertur-
bation theory: κQ = 2αs(m)/(3π) + O(αs

2). As a
consequence, κQ is a small positive quantity, about
0.05 in the bottomonium case and about 0.08 in the
charmonium one. This is confirmed by lattice cal-
culations [423] and by the analysis of higher-order
multipole amplitudes (see Sect. 3.1.6).

• QCD does not allow for a scalar-type contribution
to the magnetic transition rate. A scalar interac-
tion is often postulated in phenomenological mod-
els.

The above conclusions were shown to be valid at any
order of perturbation theory as well as nonperturbatively.
They apply to magnetic transitions from any quarkonium
state. For ground state magnetic transitions, we expect
that perturbation theory may be used at the scale mv.
Under this assumption, the following results were found
at relative order v2.

• The magnetic transition rate between the vector
and pseudoscalar quarkonium ground state, includ-
ing the leading relativistic correction (parametrized
by αs at the typical momentum-transfer scale
miαs/2) and the leading anomalous magnetic mo-
ment (parametrized by αs at the mass scale mi/2),
reads

Γ(i → γ + f) =
16

3
α e2

Q

E3
γ

m2
i

×
[

1 +
4

3

αs(mi/2)

π
−

32

27
αs

2(miαs/2)

]
, (97)

in which i = 1301 and f = 1101. This expression
is not affected by nonperturbative contributions.
Applied to the charmonium and bottomonium case
it gives: B(J/ψ → γηc(1S)) = (1.6 ± 1.1)%
(see Sect. 3.1.2 for the experimental situation) and
B(Υ(1S) → γηb(1S)) = (2.85 ± 0.30) × 10−4 (see
Sect. 3.1.8 for some experimental perspectives).

• A similar perturbative analysis, performed for hin-
dered magnetic transitions, mischaracterizes the
experimental data by an order of magnitude, point-
ing either to a breakdown of the perturbative ap-
proach for quarkonium states with principal quan-
tum number n > 1, or to large higher-order rela-
tivistic corrections.

The above approach is well suited to studying the line-
shapes of the ηc(1S) and ηb(1S) in the photon spectra of
J/ψ → γηc(1S) and Υ(1S) → γηb(1S), respectively. In
the region of Eγ $ mαs, at leading order, the lineshape

is given by [424]

dΓ

dEγ
(i → γ + f) =

16

3

α e2
Q

π

E3
γ

m2
i

×

Γf/2

(mi − mf − Eγ)2 + Γ2
f/4

, (98)

which has the characteristic asymmetric behavior around
the peak seen in the data (compare with the discussion
in Sect. 3.1.2).

No systematic analysis is yet available for relativis-
tic corrections to electromagnetic transitions involving
higher quarkonium states, i.e., states for which ΛQCD

is larger than the typical binding energy of the quarko-
nium. These states are not described in terms of a
Coulombic potential. Transitions of this kind include
magnetic transitions between states with n > 1 and all
electric transitions, n = 2 bottomonium states being on
the boundary. Theoretical determinations rely on phe-
nomenological models, which we know do not agree with
QCD in the perturbative regime and miss some of the
terms at relative order v2 [407]. A systematic analysis
is, in principle, possible in the same EFT framework de-
veloped for magnetic transitions. Relativistic corrections
would turn out to be factorized in some high-energy coef-
ficients, which may be calculated in perturbation theory,
and in Wilson-loop amplitudes similar to those that en-
code the relativistic corrections of the heavy quarkonium
potential [174]. At large spatial distances, Wilson-loop
amplitudes cannot be calculated in perturbation theory
but are well-suited for lattice measurements. Realizing
the program of systematically factorizing relativistic cor-
rections in Wilson-loop amplitudes and evaluating them
on the lattice, would, for the first time, produce model-
independent determinations of quarkonium electromag-
netic transitions between states with n > 1. These are
the vast majority of transitions observed in nature.

Higher-order multipole transitions have been observed
in experiments (see Sect. 3.1.6), Again, a systematic
treatment is possible in the EFT framework outlined
above, but has not yet been realized.

3.1.2. Study of ψ(1S, 2S) → γηc(1S)

Radiative transitions in the charmonium system have
recently been explored using both lattice QCD [423] and
effective field theory techniques [407]. Key among these
are the magnetic dipole (M1) transitions J/ψ → γηc(1S)
and ψ(2S) → γηc(1S). Using a combination of inclusive
and exclusive techniques, CLEO [69] has recently mea-
sured

B(J/ψ → γηc(1S)) = (1.98 ± 0.09 ± 0.30)%

B(ψ(2S) → γηc(1S)) = (0.432± 0.016 ± 0.060)% , (99)

reducing the discrepancy between experiment and pre-
dictions from the nonrelativistic quark model [31]. The
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TABLE 23: Comparison of measured χcJ decay-width ra-
tios (using PDG08 [18] and its online update for 2009) with
LO and NLO determinations, assuming mc = 1.5 GeV and
αs(2mc) = 0.245, but without corrections of relative order v2.
LH ≡ light hadrons

Ratio PDG LO NLO

Γ(χc0 → γγ)
Γ(χc2 → γγ)

4.9 3.75 5.43

Γ(χc2 → LH) − Γ(χc1 → LH)
Γ(χc0 → γγ)

440 347 383

Γ(χc0 → LH) − Γ(χc1 → LH)
Γ(χc0 → γγ)

4000 1300 2781

Γ(χc0 → LH) − Γ(χc2 → LH)
Γ(χc2 → LH) − Γ(χc1 → LH)

8.0 2.75 6.63

Γ(χc0 → LH) − Γ(χc1 → LH)
Γ(χc2 → LH) − Γ(χc1 → LH)

9.0 3.75 7.63

matrix elements is to go to the lower-energy EFT, pN-
RQCD, and to exploit the hierarchy mv ! mv2. In
pNRQCD, NRQCD matrix elements factorize into two
parts: one, the quarkonium wave-function or its deriva-
tive at the origin, and the second, gluon-field correlators
that are universal, i.e., independent of the quarkonium
state. The pNRQCD factorization has been exploited for
P-wave and S-wave decays in [176].

Quarkonium ground states have typical binding en-
ergy larger than or of the same order as ΛQCD. Matrix
elements of these states may be evaluated in perturba-
tion theory with the nonperturbative contributions being
small corrections encoded in local or nonlocal conden-
sates. Many higher-order corrections to spectra, masses,
and wave functions have been calculated in this man-
ner [152], all of them relevant to the quarkonium ground
state annihilation into light hadrons and its electromag-
netic decays. For some recent reviews about applica-
tions, see [445, 446]. In particular, Υ(1S), ηb(1S), J/ψ,
and ηc(1S) electromagnetic decay widths at NNLL have
been evaluated [248, 447]. The ratios of electromagnetic
decay widths were calculated for the ground state of char-
monium and bottomonium at NNLL order [447], finding,
e.g.,

Γ(ηb(1S) → γγ)

Γ(Υ(1S) → e+e−)
= 0.502± 0.068 ± 0.014 . (107)

A partial NNLL-order analysis of the absolute widths of
Υ(1S) → e+e− and ηb(1S) → γγ can be found in [248].

As the analysis of Γ(Υ(1S) → e+e−) of [248] illus-
trates, for this fundamental quantity there may be prob-
lems of convergence of the perturbative series. Prob-
lems of convergence are common and severe for all the
annihilation observables of ground state quarkonia and

may be traced back to large logarithmic contributions, to
be resummed by solving suitable renormalization group
equations, and to large β0αs contributions of either re-
summable or nonresummable nature (these last ones are
known as renormalons). Some large β0αs contributions
were successfully treated [448] to provide a more reliable
estimate for

Γ(ηc(1S) → LH)

Γ(ηc(1S) → γγ)
= (3.26 ± 0.6) × 103 , (108)

or (3.01 ± 0.5)× 103 in a different resummation scheme.
A similar analysis could be performed for the ηb(1S),
which combined with a determination of Γ(ηb(1S) → γγ)
would then provide a theoretical determination of the
ηb(1S) width. At the moment, without any resummation
or renormalon subtraction performed,

Γ(ηb(1S) → LH)

Γ(ηb(1S) → γγ)
$ (1.8–2.3) × 104 . (109)

Recently a new resummation scheme has been suggested
for electromagnetic decay ratios of heavy quarkonium
and applied to determine the ηb(1S) decay width into
two photons [449]:

Γ(ηb(1S) → γγ) = 0.54 ± 0.15 keV . (110)

Substituting Eq. (110) into Eq. (109) gives Γ(ηb(1S) →
LH) = 7-16 MeV.

3.2.2. Measurement of ψ, Υ → γgg

In measurements of the γgg rate from J/ψ [223],
ψ(2S) [224], and Υ(1S, 2S, 3S) [218], CLEO finds that
the most effective experimental strategy to search for
γgg events is to focus solely upon those with energetic
photons (which are less prone to many backgrounds),
then to make the inevitable large subtractions of ggg,
qq̄, and transition backgrounds on a statistical basis,
and finally to extrapolate the radiative photon energy
spectrum to zero with the guidance of both theory and
the measured high energy spectrum. The most trouble-
some background remaining is from events with energetic
π0 → γγ decays which result in a high-energy photon in
the final state. One of several methods used to estimate
this background uses the measured charged pion spectra
and the assumption of isospin invariance to simulate the
resulting photon spectrum with Monte Carlo techniques;
another measures the exponential shape of the photon-
from-π0 distribution at low photon energy, where γgg de-
cays are few, and extrapolates to the full energy range.
Backgrounds to γgg from transitions require the input of
the relevant branching fractions and their uncertainties.
The rate for ggg decays is then estimated as that fraction
of decays that remains after all dileptonic, transition, and
qq̄ branching fractions are subtracted, again requiring in-
put of many external measurements and their respective
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 QCD Spin dependent potentials  

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



 Spin dependent potentials  

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

Wilson loops can be calculated in different models 
for confinement: e.g. effective string models N. B., H. Martinez, A. Vairo 2014
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ψ(2S) → π0hc → 3γηc

Mhc
= 3524.4 ± 0.6 ± 0.4 MeV ◦ CLEO PRL 95 (2005) 102003

Mhc
= 3525.8 ± 0.2 ± 0.2 MeV, Γ < 1 MeV ◦ E835 PRD 72 (2005) 032001

Mhc
= 3525.40 ± 0.13 ± 0.18 MeV, Γ < 1.44 MeV ◦ BES PRL 104 (2010) 132002

To be compared with Mc.o.g.(1P ) = 3525.36 ± 0.2 ± 0.2 MeV.

• Also
Mhb

= 9902 ± 4 ± 1 MeV ◦ BABAR arXiv:1102.4565
To be compared with Mc.o.g.(1P ) = 9899.87 ± 0.28 ± 0.31 MeV.

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



Quarkonium systems close or above 

threshold

no            gap: close and above thresholdΛQCD
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Gluelumps and hybrids in pNRQCD:

more symmetry!



Identification with experimental states

Most of the candidates have 1−− or 0++/2++ since the main observation channels
are production by e+e− or γγ annihilation respectively.

! Charmonium states (Belle, CDF, BESIII, Babar):

H1

H4
H2

H1'

DD Threshold

DsDs Threshold

Y!4008"#1!!$ Y!4220"#1!!$ Y!4260"#1!!$ Y!4140"#??+$ X!4160"#??+$ X!4350"#0%2""$ X!4360"#1!!$ X!4630"#1!!$ Y!4660"#1!!$
3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

Mass!GeV"

! Bottomonium states: Yb(10890)[1−−], m = 10.8884± 3.0 (Belle). Possible H1

candidate, mH1 = 10.79± 0.15.

However, except for Y (4220), all other candidates observed decay modes violate
Heavy Quark Spin Symmetry.

31 / 1

pNRQCD hybrids multiplets predictions

prelim
inary

M. Berwein, N.B., J. Tarrus, A. Vairo 2014
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States made of two heavy and light quarks

• Pairs of heavy-light baryons.
◦ Qiao PLB 639 (2006) 263

States made of two heavy and light quarks

• The usual quarkonium states, built on the static potential, may also give rise to
molecular states through the interaction with light hadrons (hadro-quarkonium).

◦ Dubynskiy Voloshin PLB 666 (2008) 344

Voloshin





States near or above threshold:”exotics” ! 
hybrids, molecular states, tetraquarks

No systematic treatment is available; lattice 
calculations are inadequate 

In some cases it is possible to develop an EFT 
owing to special dynamical condition

Braaten Hammer 06 
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more scales

four spacetime dimensions as

δL(φi) =

�

i

ci

Mdi−4
Oi, (1.22)

where Oi is an operator of dimension di > 4 and ci is the corresponding Wilson coeffi-

cient. It should be noted that even the parameters (couplings, massess, etc.) appearing

in L(φi) are not the same in the two regions, the difference given again by the matching

conditions.

Once the matching has been performed one can proceed further down in energy using

again the RG equation. It should be noted that the procedure we just sketched can

be perfectly iterated. Suppose that one of the light degrees of freedom, φj , as a mass

mj � mi, ∀i �= j: then one can repeat the previous steps, integrating out the field φj .

From this procedure we can understand that the EFT will clearly have the same IR

behavior of the starting theory but a different UV one.

1.3 NRQCD

We now concentrate on EFTs for heavy quarkonium systems. We remark that any non-

relativistic bound state develops a hierarchy of scales m � mv � mv2, where m is in

this case the heavy quark mass and v the velocity. Estimates for the physical systems of

charmonium and bottomonium give v2 ≈ 0.3 for the former and v2 ≈ 0.1 for the latter:

therefore a non-relativistic treatment is viable, but relativistic corrections need to be

considered, especially for charmonium. The scale of the m is called the hard scale, the

scale of the exchanged momentum mv is called the soft scale and the scale of the kinetic

energy mv2 is called the ultrasoft scale.
NonRelativistic QCD is then obtained by integrating out the hard scale m from the

QCD Lagrangian (1.1) with the methods of the previous section. In QCD there is

of course another intrinsic scale, ΛQCD: the position of this scale with respect to the

others will play an important role in the following section. In a non-relativistic system

energy and three-momentum scale differently; however for NRQCD we define a single

UV cut-off νNR = {νp, νs} satisfying m � νNR � ΛQCD, E, |p|. νp is the cut-off of the

relative spacial momenta |p| of the heavy quarks, νs is the cut-off of the energy E of the

heavy quarks and of the four-momenta of gluons and light quarks. Moreover the relation

nuNR � ΛQCD implies that the integration of the hard scale can be done perturbatively.

Once the integration has been performed heavy quark-antiquark pairs cannot be created

anymore so it is convenient to use non-relativistic Pauli spinors instead of Dirac spinors:

let then ψ(x) be the Pauli spinor field annihilating a heavy quark and χ(x) the one

creating a heavy antiquark. Furthermore if the quark-antiquark pair is of the same flavor

it can annihilate to hard gluons, which have been integrated out: in order to preserve

this physical aspects the NRQCD Lagrangian contains imaginary Wilson coefficients.

The NRQCD Lagrangian will thus be expressed as a power expansion in
1
m

2. Below the

2If the masses of the two quarks are different the expansion will be organized in powers of 1
ma

1mb
2
,

with a, b ≥ 0

14
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From this procedure we can understand that the EFT will clearly have the same IR

behavior of the starting theory but a different UV one.

1.3 NRQCD

We now concentrate on EFTs for heavy quarkonium systems. We remark that any non-

relativistic bound state develops a hierarchy of scales m � mv � mv2, where m is in

this case the heavy quark mass and v the velocity. Estimates for the physical systems of

charmonium and bottomonium give v2 ≈ 0.3 for the former and v2 ≈ 0.1 for the latter:

therefore a non-relativistic treatment is viable, but relativistic corrections need to be

considered, especially for charmonium. The scale of the m is called the hard scale, the

scale of the exchanged momentum mv is called the soft scale and the scale of the kinetic

energy mv2 is called the ultrasoft scale.
NonRelativistic QCD is then obtained by integrating out the hard scale m from the

QCD Lagrangian (1.1) with the methods of the previous section. In QCD there is

of course another intrinsic scale, ΛQCD: the position of this scale with respect to the

others will play an important role in the following section. In a non-relativistic system

energy and three-momentum scale differently; however for NRQCD we define a single

UV cut-off νNR = {νp, νs} satisfying m � νNR � ΛQCD, E, |p|. νp is the cut-off of the

relative spacial momenta |p| of the heavy quarks, νs is the cut-off of the energy E of the

heavy quarks and of the four-momenta of gluons and light quarks. Moreover the relation

nuNR � ΛQCD implies that the integration of the hard scale can be done perturbatively.

Once the integration has been performed heavy quark-antiquark pairs cannot be created

anymore so it is convenient to use non-relativistic Pauli spinors instead of Dirac spinors:

let then ψ(x) be the Pauli spinor field annihilating a heavy quark and χ(x) the one

creating a heavy antiquark. Furthermore if the quark-antiquark pair is of the same flavor

it can annihilate to hard gluons, which have been integrated out: in order to preserve

this physical aspects the NRQCD Lagrangian contains imaginary Wilson coefficients.

The NRQCD Lagrangian will thus be expressed as a power expansion in
1
m

2. Below the

2If the masses of the two quarks are different the expansion will be organized in powers of 1
ma

1mb
2
,

with a, b ≥ 0
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T � gT � g2T . . .
?

Debye mass

Screening Scale

mD ∼ gT

and ΛQCD

Without heavy quarks an EFT already exists that 

comes from integrating out hard gluon of p \sim T: 

Hard Thermal Loop EFT

Braaten Pisarski  90 
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pNRQCD at finite T allows us to 
define the  static QQbar  potential

in the medium in real time



The singlet static potential and the static energy (pNRQCD) 
We  have calculated the potential  for all the situations from T bigger 

than the inverse radius 1/r to smaller than the energy E in small 
coupling

N.B., Ghiglieri, 
Petreczsky,Vairo

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

Landau damping 

ReVS (r,T)

Discovery from new EFT calculations:
Quarkonium potential has Real & Imaginary part 

octet transition

thermal breakup of a Q-Q ! 
color singlet into a color 
octet state and gluons

gluon self-energy, scattering 
of particles in the medium 

with space-like gluons
Brambilla, Vairo, Petreczky 2009 Laine, 2007

Thursday, April 2, 2009

Landau damping 
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Discovery from new EFT calculations:
Quarkonium potential has Real & Imaginary part 

octet transition

thermal breakup of a Q-Q ! 
color singlet into a color 
octet state and gluons

gluon self-energy, scattering 
of particles in the medium 

with space-like gluons
Brambilla, Vairo, Petreczky 2009 Laine, 2007

Thursday, April 2, 2009

Landau damping 

ReVS (r,T)

  thermal width of QQ !

Discovery from new EFT calculations:
Quarkonium potential has Real & Imaginary part 

octet transition

thermal breakup of a Q-Q ! 
color singlet into a color 
octet state and gluons

gluon self-energy, scattering 
of particles in the medium 

with space-like gluons
Brambilla, Vairo, Petreczky 2009 Laine, 2007

Thursday, April 2, 2009

Singlet-to-octet Landau damping
New effect, specific of QCD

dominates for E/m_D>>1

N. B., Ghiglieri, Petreczky, Vairo 2008

Known from QED
dominates for m_D/E>>1

Laine et al 2007, 
Escobedo Soto 2007

(quasi free dissociation) (gluo dissociation) 



The singlet static potential and the static energy (pNRQCD) 
We  have calculated the potential  for all the situations from T bigger 

than the inverse radius 1/r to smaller than the energy E
N.B., Ghiglieri, 

Petreczsky,Vairo

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

 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 !

:Quarkonium melts in the mediumStatic quark antiquark at T ! 1/r ! mD ! V

Divergences appear in the imaginary part of the potential at order αs

r
× (rmD)2 × (Tr).

They cancel in physical observables against loop corrections from lower energy scales.

We consider the case T " 1/r " mD " V . Integrating out mD from pNRQCDHTL

leads to an extra contribution δVs to the potential coming from

HTL propagator

Re δVs(r) ∼ g2r2T 3 ×
“mD

T

”3

Im δVs(r) = −
CF

6
αs r2 T m2

D

 

1

ε
− γE + ln π + ln

µ2

m2
D

+
5

3

!

Quarkonium melting temperature

The quarkonium melts in the medium when

Ebinding ∼ Γ

i.e.

g2

r
∼ g2Tm2

Dr2 ln
1

mDr

for 1/r ∼ m g2 and mD ∼ g T

T ∼ m g4/3 (ln 1/g)−1/3

◦ Escobedo Soto arXiv:0804.0691, Laine arXiv:0810.1112

Conclusions I

• 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 heavy quarkonium in a thermal bath of gluons and light quarks.

• The derived potential is neither the quark-antiquark free energy nor the internal
energy. It is the real-time potential that describes the real-time evolution of a
quarkonium state in a medium. It encodes all contributions coming from modes
with energy and momentum larger than the binding energy.

• For T > E the potential gets thermal contributions.

• 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 mD is
larger than the binding energy, while the latter dominates for temperatures such
that mD is smaller than the binding energy.

• In a medium, the quarkonium melts at a temperature πTmelting ∼ m g4/3 before
screening sets in.
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The quarkonium melts in the medium when

Ebinding ∼ Γ
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Quarkonium melting temperature

The quarkonium melts in the medium when

Ebinding ∼ Γ

i.e.

g2

r
∼ g2Tm2

Dr2 ln
1

mDr

for 1/r ∼ m g2 and mD ∼ g T

T ∼ m g4/3 (ln 1/g)−1/3

◦ Escobedo Soto arXiv:0804.0691, Laine arXiv:0810.1112

• 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 



case of interest for LHC: bottomonium 1S below the 
melting temperature T_d

N.B., Escobedo, 
Ghiglieri, Soto ,Vairo 010

thermal contributions to the levels calculated at order 
malpha^5

The bottomonium ground state at finite T

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 ∼ mαs,mv2 ∼ mα2

s
>
∼

ΛQCD, produced in the QCD medium of heavy-ion collisions
at the LHC may possibly realize the hierarchy

m ≈ 5 GeV > mαs ≈ 1.5 GeV > πT ≈ 1 GeV > mα2
s ≈ 0.5 GeV >

∼
mD,ΛQCD

◦ Vairo AIP CP 1317 (2011) 241
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case of interest for LHC: bottomonium 1S below the 
melting temperature T_d

The complete mass and width up to O(mα5
s )

δE(thermal)
1S =

34π

27
α2
s T

2a0 +
7225

324

E1α3
s

π

[

ln

(

2πT

E1

)2

− 2γE

]

+
128E1α3

s

81π
L1,0 − 3a20

{[

6

π
ζ(3) +

4π

3

]

αs T m2
D −

8

3
ζ(3)α2

s T
3
}

Γ(thermal)
1S =

1156

81
α3
sT +

7225

162
E1α

3
s +

32

9
αs Tm2

D a20 I1,0

−

[

4

3
αsTm2

D

(

ln
E2

1

T 2
+ 2γE − 3− ln 4− 2

ζ′(2)

ζ(2)

)

+
32π

3
ln 2α2

s T
3
]

a20

where E1 = −
4mα2

s

9
, a0 =

3

2mαs
and L1,0 (similar I1,0) is the Bethe logarithm.

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

Consistent with lattice calculations of spectral functions

Lattice width
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Consistent with Γ
(thermal)
1S =

1156

81
α3
sT ⇒ αs ≈ 0.4.

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



ConclusionsOutlookII

Nonrelativistic Effective  Field Theories provide a systematic tool 

to investigate 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 a 
calculational scheme for quantities of huge 

phenomenological interest like the qqbar static energies and 
the qqbar 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 intense 
experimental  progress  of the last few years and 
of the near future
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7.
CON

CLUSION
S
AN

D
PRIORITIES

Below
we

present
a

summary
of

the
most

crucial

developments in
each

of the major topics and
suggested

directions for further advancement.

Spectroscopy: An overview
of the last decade’s progress

in
heavy quarkonium

spectroscopy was given
in

Sect. 2.

W
ith

regard
to experimental progress, we conclude:

1. New
measurements

of
inclusive

hadronic
cross

sections
(i.e., R)

for e+
e−

collisions
just

above

open cc̄ and bb̄ flavor thresholds have enabled
im-

proved
determinations of some resonance parame-

ters but more precision and fine-grained studies are

needed
to

resolve
puzzles and

ambiguities.
Like-

wise, progress
has

been
made

studying
exclusive

open-flavor two-body
and

multibody
composition

in
these

regions, but
further

data
are

needed
to

clarify
the details.

Theory
has not yet been

able

to
explain

the measured
exclusive two-body

cross

sections.2. Successful observations were made
(Table

4) of 6

new
conventional heavy quarkonium

states (4 cc̄, 2

bb̄); of these, only
the ηb(1S) lacks a second, inde-

pendent 5σ
confirmation.

Improved
measurement

of ηc(1S) and ηc(2S) masses and
widths would

be

quite valuable. Unambiguous observations and pre-

cise mass and
width

measurements are needed
for

ηb(2S), hb( 1P
1), Υ(1 3D

1), and Υ(1 3D
3) in order to

constrain
theoretical descriptions.

3. Experimental evidence has been gathered (Table 9)

for up to 17 unconventional heavy quarkonium-like

states.
All but Yb(10888) are in

the charmonium

mass region, and
all but 5

remain
unconfirmed

at

the 5σ
level. Confirmation

or refutation
of the re-

maining 12 is a high
priority.

4. Theoretical interpretations for the unconventional

states
(Table

20) range
from

coupled-channel ef-

fects
to

quark-gluon
hybrids, mesonic

molecules,

and
tetraquarks. M

ore measurements and
theoret-

ical investigations are necessary to narrow
the pos-

sibilities.
In

particular, high-resolution
measure-

ments of lineshapes promise deeper insights into the

nature of various of those states.

5. The X
(3872) was the first unexpected

state to be

observed
and

has generated
the

most experimen-

tal and theoretical attention. Its sub-M
eV

proxim-

ity
to D ∗0D̄ 0

-threshold
(Tables 10-11) and

domi-

nant D 0D̄ 0π 0
branching fraction suggest a D ∗0D̄ 0

-

molecular component, although
this interpretation

is not universally
shared.

The X
(3872) has been

confirmed in four decay modes (Table 12). The dis-

covery mode, π +
π −

J/ψ, is still the best measured,

and has a branching fraction
comparable in

size to

that of ωJ/ψ; D 0D̄ 0π 0
is ten

times more common

and γJ/ψ
three times less. The X

(3872) quantum

numbers have been
narrowed

to 1++
or 2−+

.

6. The charged Z
states observed

in Z −
→ π −

ψ(2S)

and π −
χ
c1 would

be, if confirmed, manifestly
ex-

otic.
Hence their confirmation

or refutation
is of

the utmost importance.

W
ith

regard
to lattice QCD

calculations:

7. Lattice
QCD

technology
has

progressed
to

the

point
that

it
may

provide
accurate

calculations

of
the

energies
of

quarkonium
states

below
the

open flavor threshold, and also provide information

about higher states.

8. Precise and
definitive calculations of the cc̄ and bb̄

meson
spectra

below
threshold

are
needed.

Un-

quenching effects, valence quark annihilation chan-

nels
and

spin
contributions

should
be

fully
in-

cluded.9. Unquenched
calculations of states above the open-

flavor thresholds are needed. These would
provide

invaluable clues to the nature of these states.

10. The complete set of W
ilson loop field strength aver-

ages entering the definition
of the nonperturbative

QQ̄
potentials must be calculated

on
the lattice.

11. Calculations of local and
nonlocal gluon

conden-

sates on the lattice are needed as inputs to weakly-

coupled
pNRQCD

spectra and
decay calculations.

12. NRQCD
matching coefficients in the lattice scheme

at one loop
(or more) are needed.

13. Higher-order calculations of all the relevant quan-

tities due to
the lattice-to-MS

scheme change are

required
in

order to
relate

lattice
and

continuum

results in
the EFT.

14. Lattice calculations of the overlap between quarko-

nia and
heavy-light states in

the threshold
region,

as well as with
hybrids or exotic states, should

be

performed.
15. A

better determination
of the r0 lattice scale and

a nonperturbative determination
of Λ

MS with
2+1

or 2+1+1 sea quarks is needed.

W
ith

regard
to effective field

theories (EFTs),

16. Higher-order
perturbative

EFT
calculations

of

static
energies,

static
potentials,

and
relativis-

tic
corrections

to
the

potentials
and

energy
lev-

els
have

appeared
recently

for
different

heavy-

quark/antiquark
configurations. Further efforts in

this direction
are

needed, and
the

emerging
pat-

terns of renormalons should
be studied

in
relation

to
the

behavior of the
bound

states perturbative

series.
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31. It would be important to have a coherent EFT

treatment for all magnetic and electric transitions.

In particular, a rigorous treatment of the relativis-

tic corrections contributing to the E1 transitions

and a nonperturbative analysis of the M1 transi-

tions is missing. The first is relevant for transitions

involving P
states, the second for any transition

from above the ground state.

32. New resummation schemes for the perturbative ex-

pressions of the quarkonium decay widths should be

developed. At the moment, this is the major ob-

stacle to precise theoretical determinations of the

Υ(1S) and ηb (1S) inclusive and electromagnetic de-

cays (Sect. 3.2.1).

33. More
rigorous

techniques
to

describe
above-

threshold
quarkonium

decays
and

transitions,

whose descriptions still rely upon models, should

be developed (Sects. 3.3.1 and 3.4).

Production: The theoretical and experimental status

of production of heavy quarkonia was given in Sect. 4.

Conclusions and priorities are as follows:

34. It is very important either to establish that the

NRQCD factorization formula is valid to all orders

in perturbation theory or to demonstrate that it

breaks down at some fixed order.

35. A
more accurate treatment of higher-order cor-

rections to the color-singlet contributions at the

Tevatron and the LHC
is urgently needed. The

re-organization of the perturbation series that is

provided by the fragmentation-function approach

(Sect. 4.1.5) may be an important tool.

36. An outstanding theoretical challenge is the devel-

opment of methods to compute color-octet long-

distance NRQCD
production matrix elements on

the lattice.
37. If NRQCD factorization is valid, it likely holds only

for values of pT that are much greater than the

heavy-quark mass. Therefore, it is important for

experiments to make measurements of quarkonium

production, differentially in pT , at the highest pos-

sible values of pT .

38. Further light could be shed on the NRQCD veloc-

ity expansion and its implications for low-energy

dynamics by comparing studies of charmonium pro-

duction and bottomonium production. The higher

pT reach of the LHC may be particularly important

for studying bottomonium production at values of

pT that are much greater than the bottomonium

mass.39. It would be of considerable help in disentangling

the theoretical issues in production of J/ψ and Υ if

experimental measurements could separately quan-

tify direct and feeddown contributions. Ideally, the

direct production cross sections and polarizations

would both be measured differentially in pT .

40. It is important to resolve the apparent discrepancy

between the CDF and DØ measurements of the Υ

polarization, which were performed for different ra-

pidity ranges, |y| < 0.6 (CDF) and |y| < 1.8 (DØ).

A
useful first step would be for the two experi-

ments to provide polarization measurements that

cover the same rapidity range.

41. It would be advantageous to measure complete

quarkonium polarization information in a variety of

spin-quantization frames and to make use of frame-

invariant quantities to cross-check measurements in

different frames [722, 723, 1031]. Care should be

taken in comparing different polarization measure-

ments to insure that dependences on the choices of

frame and the kinematic ranges of the experiments

have been taken into account.

42. Measurements of inclusive cross sections, charmo-

nium
angular distributions, and polarization pa-

rameters for P -wave charmonium states would pro-

vide further important information about quarko-

nium production mechanisms.

43. Studies of quarkonium production at different val-

ues of √
s at the Tevatron and the LHC, studies of

hadronic energy near to and away from the quarko-

nium direction at the Tevatron and the LHC, and

studies of the production of heavy-flavor mesons in

association with a quarkonium at e+
e−

, ep, pp̄, and

pp machines could give information that is comple-

mentary to that provided by traditional observa-

tions of quarkonium production rates and polariza-

tions.44. Theoretical uncertainties in the region near the

kinematic endpoint of maximum
quarkonium

en-

ergy might be reduced through a systematic study

of resummations of the perturbative and velocity

expansions in both ep and e+
e−

quarkonium
pro-

duction.45. In predictions for exclusive and inclusive quarko-

nium
production in e+

e−
annihilation, large cor-

rections appear at NLO. An important step would

be to identify the origins of these large corrections.

It might then be possible to improve the conver-

gence of perturbation series by resumming specific

large contributions to all orders in α
s .

46. The central values of the Belle and BABAR measure-

ments of σ(e+
e−

→
J/ψ + ηc (1S)) × B

>2 , where

B
>2 is the branching fraction for the ηc (1S) to de-

cay into a final state with more than two charged

particles, differ by about twice the uncertainty of

In this direction go the list of 65 priorities 
given at the end of the QWG (Quarkonium 

Working Group) doc
arXiv:1010.5827

http://arXiv.org/abs/arXiv:1010.5827
http://arXiv.org/abs/arXiv:1010.5827
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We  are eagerly looking forward the new experimental 
data from LHC, BESIII,  and in the near future BELLE II and 

Panda 
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Debye charge screening 
(electromagnetic plasma)

V (r) ∼ −αs
e−mDr

r r ∼ 1
mD

Bound state
dissolves

Quarkonium in a hot medium:  
the interaction potential



c and b masses

reference order Mb(Mb) (GeV)
Brambilla et al. 01 NNLO +charm (Υ(1S)) 4.190 ± 0.020 ± 0.025

Penin Steinhauser 02 NNNLO∗ (Υ(1S)) 4.346 ± 0.070

Lee 03 NNNLO∗ (Υ(1S)) 4.20 ± 0.04

Contreras et al. 03 NNNLO∗ (Υ(1S)) 4.241 ± 0.070

Pineda Signer 06 NNLL∗ high moments SR 4.19 ± 0.06

reference order Mc(Mc) (GeV)
Brambilla et al. 01 NNLO (J/ψ) 1.24 ± 0.02

Eidemüller 02 NNLO high moments SR 1.19 ± 0.11

They compare well with the most precise available determinations:
Mb(Mb) = 4163 ± 16 MeV ◦ Chetyrkin et al. arXiv:1010.6157
Mc(Mc) = 1277 ± 26 MeV ◦ Dehnadi Hoang Mateu Zebarjad arXiv:1102.2264



radiative transitions

Magnetic Dipole transitions

J/ψ → ηcγ

◦ Only one direct experimental measurement existed for long time:

Γ(J/ψ → ηcγ) = (1.14 ± 0.23) keV Crystal Ball 86

◦ Moreover, there were several measurements of the BR J/ψ → ηcγ → φφγ and
one independent measurement of ηc → φφ (Belle 03).
From them one obtained Γ(J/ψ → ηcγ) = (2.9 ± 1.5) keV.

◦ Recently CLEO found

Γ(J/ψ → ηcγ) = (1.85 ± 0.08 ± 0.28) keV CLEO 08

◦ Combining all three (assuming independence)

Γ(J/ψ → ηcγ) = (1.44 ± 0.18) keV

• Γ(J/ψ → ηcγ) enters into many charmonium BR.
Its 12.5% uncertainty sets typically their experimental errors.
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EFTheory of  radiative transitions

• No nonperturbative  physics at order 

• Exact relations from Poincare invariance->  no scalar interaction

• No large anomalous magnetic moment

pNRQCD with singlet, octet, US gluons and photons
Brambilla, Jia, Vairo 05

v
2

ΓΥ(1S)→ηbγ and ΓΥ(2S)→ηb(2S) γ
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Spectroscopy  and Decays examples

ηb(2S)

Υ(2S) → γηb(2S), ηb(2S) → Hadrons

M(ηb(2S)) = 9974.6± 2.3(stat)± 2.1(syst)MeV

arXiv:1204.4205

ηb(1S)
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Υ(1S) → γ X
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Photon spectrum at NLO (continuous lines, pNRQCD + SCET) vs CLEO data
◦ Garcia Soto PRD 72 (2005)054014, Fleming Leibovich PRD 67 (2003)074035

Seminclusive decays


