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48Dipartimento di Fisica, Universitá degli Studi di Napoli Federico II, 80126, Italy

49INFN, Sezione di Napoli, 80126, Italy
50Departamento de Fisica de Particulas y IGFAE, Universidade de Santiago de Compostela,

15782 Santiago de Compostela, Galicia, Spain
51Institut für Theoretische Physik II, Ruhr-Universität Bochum, 44780 Bochum, Germany

(Dated: April 16, 2014)

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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Contents

1. Overview 1 4
1.1. Readers’ guide 4

2. The nature of QCD 2 6
2.1. Broader themes in QCD 6
2.2. Experiments addressing QCD 8
2.3. Theoretical tools for QCD 8
2.4. Fundamental parameters of QCD 10

3. Light quarks 3 12
3.1. Introduction 12
3.2. Hadron structure 12

3.2.1. Parton distribution functions in QCD 12
3.2.2. PDFs in the DGLAP approach 16
3.2.3. PDFs and nonlinear evolution equations 17
3.2.4. Hadron form factors and GPDs 18
3.2.5. The proton radius puzzle 22
3.2.6. The pion and other pseudoscalar mesons 24

3.3. Hadron spectroscopy 25
3.3.1. Lattice QCD 26
3.3.2. Continuum methods 30
3.3.3. Experiments 30

3.4. Chiral dynamics 40
3.4.1. ππ and πK scattering lengths 41
3.4.2. Lattice QCD calculations: quark masses and

effective couplings 42
3.4.3. SU(3)L × SU(3)R global fits 43
3.4.4. η → 3π and the nonstrange quark masses 43
3.4.5. Other tests with electromagnetic probes 44
3.4.6. Hard pion ChPT 45

∗
Corresponding author, nora.brambilla@ph.tum.de

†
Editor

‡
Chapter Convener

§
Present address: Helmholtz-Institut für Strahlen- und Kernphysik,

Universität Bonn, 53115 Bonn, Germany

3.4.7. Baryon chiral dynamics 45
3.4.8. Other topics 46
3.4.9. Outlook and remarks 46

3.5. Low-energy precision observables and tests of the
Standard Model 47
3.5.1. The muon’s anomalous magnetic moment 47
3.5.2. The electroweak mixing angle 49
3.5.3. αs from inclusive hadronic τ decay 50

3.6. Future Directions 51

4. Heavy quarks 4 53
4.1. Methods 53

4.1.1. Nonrelativistic effective field theories 53
4.1.2. The progress on NRQCD factorization 54
4.1.3. Lattice gauge theory 57

4.2. Heavy semileptonic decays 59
4.2.1. Exclusive and inclusive D decays 59
4.2.2. Exclusive B decays 62
4.2.3. Inclusive B decays 63
4.2.4. Rare charm decays 64

4.3. Spectroscopy 64
4.3.1. Experimental tools 65
4.3.2. Heavy quarkonia below open flavor

thresholds 65
4.3.3. Quarkonium-like states at open flavor

thresholds 67
4.3.4. Quarkonium and quarkonium-like states

above open flavor thresholds 70
4.3.5. Summary 72

4.4. Strong coupling αs 72
4.5. Heavy quarkonium production 73

4.5.1. Summary of recent experimental progress 73
4.5.2. NLO tests of NRQCD LDME universality 75
4.5.3. Recent calculations of relativistic corrections 77
4.5.4. Calculations using kT factorization 77
4.5.5. Current trends in theory 78

4.6. Future directions 78



68

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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ité,
75205

P
aris

C
edex

13,
F
ran

ce
4
0T

heory
G
rou

p,
P
hysics

D
epartm

en
t,

C
E
R
N
,
1211,

G
en

eva
23,

S
w
itzerlan

d
4
1U

trecht
U
n
iversity,

F
acu

lty
of

S
cien

ce,
P
rin

ceton
plein

5,
3584

C
C

U
trecht,

T
he

N
etherlan

ds

arXiv:1404.3723v1  [hep-ph]  14 Apr 2014



QCD and strongly coupled gauge theories: challenges and perspectives

N. Brambilla∗†,1 S. Eidelman†,2, 3 P. Foka†‡,4 S. Gardner†‡,5 A.S. Kronfeld†,6

M.G. Alford‡,7 R. Alkofer‡,8 M. Butenschön‡,9 T.D. Cohen‡,10 J. Erdmenger‡,11 L. Fabbietti‡,12

M. Faber‡,13 J.L. Goity‡,14, 15 B. Ketzer‡§,1 H.W. Lin‡,16 F.J. Llanes-Estrada‡,17

H.B. Meyer‡,18 P. Pakhlov‡,19, 20 E. Pallante‡,21 M.I. Polikarpov‡,19, 20 H. Sazdjian‡,22

A. Schmitt‡,23 W.M. Snow‡,24 A. Vairo‡,1 R. Vogt‡,25, 26 A. Vuorinen‡,27 H. Wittig‡,18

P. Arnold,28 P. Christakoglou,29 P. Di Nezza,30 Z. Fodor,31, 32, 33 X. Garcia i Tormo,34 R. Höllwieser,13
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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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 Quarkonium (=bound state of a heavy 
quark and a heavy antiquark) has been 

instrumental for the establishing of
QCD, the theory of strong interaction, 

and the Standard Model of Particle
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Coulomb bb cc

n=4

linear

n=3

n=5

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

n=2

Coulomb bb cc

n=4

linear

n=3

n=5

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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Confinement and asymptotic freedom--> main 
properties of QCD

Variety of potential models used  
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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 probe
Quarkonium 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.

V  (r)
(0)

(GeV)

2
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-1

1 2 r(fm)

! ! !

" # #

!

 2$ #c

ΛQCD

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
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Bound state
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mD ∼ gT

Matsui Satz 1986
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QCD theory of Quarkonium: a very hard problem
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QCD theory of Quarkonium: a very hard problem

...    ...   ...
m

p      mv

2E      mv

Difficult also
for the lattice! 

L
−1

! λ ! Λ ! a
−1

multiscale diagrams have a complicate power 
counting and contribute to all orders in the coupling 
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In QCD another scale is relevant ΛQCD

Quarkonium with NR EFT: pNRQCD
strongly 
coupled 
pNRQCD

weakly 
coupled 
pNRQCD

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) 1423



weakly coupled  
pNRQCD

r � Λ−1
QCDCase 1: pNRQCD formv ! ΛQCD
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Singlet static potential

Octet static potential
pNRQCD formv ! ΛQCD
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strongly  coupled pNRQCD r ∼ Λ−1
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Brambilla Pineda Soto Vairo 00



strongly  coupled pNRQCD r ∼ Λ−1
QCD

Brambilla Pineda Soto Vairo 00

• A potential description emerges from the EFT

• The potentials V = ReV + ImV

       
 from QCD in the matching:

get spectra and decays 
• V to be calculated on the lattice or in QCD vacuum models



High-lying quarkonia away from threshold: 1/m potentials

• Singlet states described by the long tails of the potentials in pNRQCD:

V = V0 +
1

m
V1 +

1

m2
(VSD + VV D)

•Lattice calculations of the pNRQCD  potentials

•Exact relations among the potentials from the EFT

•QCD vacuum calculation of the potential (need only one assumption on the Wilson loop 

The non-perturbative Potentials

V (0)
s = lim

T→∞

i

T
ln〈W (r × T )〉 = lim

T→∞

i

T
ln
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The non-perturbative static potential
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 ! = 6.0
 ! = 6.3 

◦ Koma Koma NPB 769(07)79

W = 〈exp{ig

∮
Aµdxµ}〉

Quarkonium singlet static potential 



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



pNRQCD and quarkonium

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  issue here is  precision physics  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  eft  has allowed to systematically factorize and to study the low 
energy nonperturbative contributions

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 the stong decay threshold)



pNRQCD and quarkonium
The EFT is being constructed  (at small coupling)

*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

N. B. Escobedo, 
Ghiglieri,  Vairo Soto,

 2010-2014                               N. B., Ghiglieri, Petreczky, Vairo  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

(at finite temperature T)
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*Results in the static limit that hints at a new physical picture

(Exotics close to threshold) 

(Finite T ) 

(close or above the strong decay threshold)

Near theshold heavy-light mesons have to be included   

No systematic treatment is available; lattice calculations are 
also challenging and in the infancy state in this case
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maiani, Piccinini, Polosa et al. 2005--

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



maiani, Piccinini, Polosa et al. 2005--

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

choosing one of these degrees of freedom and an 
interaction originates a model for exotics.
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X(3872): interpretations

c c̄

q q̄

4-quark state with JPC = 1++

X(3872): interpretations

c c̄

q q̄

Maiani et al 04

X ∼ (cq)3̄S=1 ⊗ (c̄q̄)3S=0 + (cq)3̄S=0 ⊗ (c̄q̄)3S=1

the dynamical assumption (there is no scale separation like
in the doubly heavy baryons) is that quark pair cluster in
tightly bound color triplet diquarks (see 1-gluon exchange);
the difficulty in breaking the system explains the narrow width.

• Predictions based on the phenomenological Hamiltonian: H =
P

ij κij σ ⊗ σ; the
framework has been applied to a large variety of systems (Ds, X, Y , ...) and observables.

•

  
3650
3700
3750
3800
3850
3900
3950
4000

X(3872)

  3952
Y(3943)

J/! "

DD3723

3832

3882

3754

++
0 ++1 +-1 ++2

Input

?

Tetraquark model

X(3872): interpretations

c c̄

q q̄

Høgassen et al 05

X ∼ (cc̄)8S=1 ⊗ (qq̄)8S=1
∼ (cq̄)1S=0 ⊗ (qc̄)1S=1 + (cq̄)1S=1 ⊗ (qc̄)1S=0

• Predictions based on the phenomenological Hamiltonian:
H = −

P

ij Cij T a ⊗ T a
σ ⊗ σ;

• decays into charmonium plus light vector mesons are suppressed with respect to
those into heavy-light mesons like DD̄∗;

• decays into charmonium plus light pseudoscalar mesons are not allowed by simple
quark rearrangements.

• Two neutral states made of cuc̄ū and cdc̄d̄ and two charged ones made of cuc̄d̄

and cdc̄ū are predicted.

X(3872): interpretations

c c̄

q̄ q

Törnqvist 93, Swanson 04

X ∼ (cq̄)1S=0 ⊗ (qc̄)1S=1 + (cq̄)1S=1 ⊗ (qc̄)1S=0
∼ D D̄∗ + D∗ D̄

This is assumed to be the dominant long-range Fock component;
short-range components of the type (cc̄)1S=1 ⊗ (qq̄)1S=1
∼ J/ψ ρ, ω are assumed as well.

• Predictions are strongly based on the assumed phenomenological Hamiltonians:
short range (∼ ΛQCD): potential model interaction at the quark level;
long range (∼ mπ): one pion exchange.

• The prediction Γ(X → π+π−J/ψ) ≈ Γ(X → π+π−π0J/ψ) turned out to be
consistent with BELLE 05.

• However, Γ(X → π+π−J/ψ) ≈ 20 Γ(X → D0D̄0π0) is two orders of magnitude
far from BELLE 06. This may point to a smaller J/ψ ρ component in the Fock
space, which may conflict with the charmonium-like production mechanism.

Molecular model



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

Braaten Hammer 06 

X(3872): interpretations

c c̄

q̄ q

a

Voloshin 04, Braaten Kusunoki 04,
Al Fiky et al 05

ΛQCD ! mπ ! m2
π/(2mred) ≈ 10 MeV ! Ebinding

Ebinding ≈ MX − (MD0 ∗ + MD0 ) = (0.1 ± 1.0) MeV
or = −(0.4 ± 0.7) MeV
using new MD0 from CLEO Skwarnicki @ ICHEP 06
• BELLE measure of MX in D0D̄0π0 is 3-4 MeV larger.

• Systems with a short-range interaction and a large scattering length a ! 1/mπ

have universal properties. If γre = Re(1/a) > 0 there is a shallow bound state of
binding energy EX = γ2

re/(2mred), width ΓX = 2γreγim/mred and wave function

φ(r) =

r

1

2πa

e−r/a

r

• Mass and width of the X constrain γre and γim and imply 〈r〉X > 3 fm.



even the case without light quark is difficult:

Gluonic excitations

A plethora of states built on each of the hybrid potentials is expected. These states
typically develop a width also without including light quarks, since they may decay into
lower states, e.g. like hybrid→ glueball + quark-antiquark.

We may integrate out modes scaling like 1/r and ΛQCD and describe hybrids as heavy
quark-antiquark states bound by potentials that are the energies of the corresponding
gluonic excitations between static sources→ Born–Oppenheimer approximation.

If more states are nearly degenerate, then all of these need to be considered as effective
low-energy degrees of freedom and mix.



even the case without light quark is difficult:

Gluonic excitations

A plethora of states built on each of the hybrid potentials is expected. These states
typically develop a width also without including light quarks, since they may decay into
lower states, e.g. like hybrid→ glueball + quark-antiquark.

We may integrate out modes scaling like 1/r and ΛQCD and describe hybrids as heavy
quark-antiquark states bound by potentials that are the energies of the corresponding
gluonic excitations between static sources→ Born–Oppenheimer approximation.

If more states are nearly degenerate, then all of these need to be considered as effective
low-energy degrees of freedom and mix.

We have obtained  an EFT description of hybrids matching the NRQCD 
static energies to pNRQCD potential in the short range
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Gluonic excitations  in pNRQCD:more symmetry!
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Symmetries

◦ Brambilla Pineda Soto Vairo NPB 566 (2000) 275

pNRQCD predicts the     structure of 
multiplets at short distance and the 

ordering
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form of the potential

+O(r2)
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Hybrid Static energies

! The hybrid static energy spectrum reads

EH = 2m + VH ,

with

VH = lim
T→∞

i

T
log

〈

Ha(T/2)Oa(T/2)Hb(−T/2)Ob(−T/2)
〉

.

! Up to next–to–leading order in the multipole expansion.

VH = Vo + ΛH + bHr
2 ,

! Vo(r) is the octet potential, which can be computed in perturbation theory.

! ΛH corresponds to the gluelump mass.

ΛH = lim
T→∞

i

T
log

〈

Ha(T/2)φadj
ab (T/2,−T/2)Hb(−T/2)

〉

,

where

φadj (T/2,−T/2) = P exp

(

−ig

∫ T/2

−T/2
dt A0 (R, t)

)

.

22 / 1

ΛH

! It is a non-perturbative quantity.

! It depends on the particular operator Ha, however it is the same for operators
corresponding to different projections of the same gluonic operators.

! The gluelump masses have been determined in the lattice. Foster et all 1999; Bali, Pineda

2004; Marsh Lewis 2014

bH

! It is a non-perturbative quantity.

! Proportional to r2 due to rotational invariance and the multipole expansion.

! We are going to fix it through a fit to the static energies lattice data.

! Breaks the degeneracy of the potentials.
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Hybrids masses

calculated   by using  the potential

Hybrid Static energies

! The hybrid static energy spectrum reads

EH = 2m + VH ,

with

VH = lim
T→∞

i

T
log

〈

Ha(T/2)Oa(T/2)Hb(−T/2)Ob(−T/2)
〉

.

! Up to next–to–leading order in the multipole expansion.

VH = Vo + ΛH + bHr
2 ,

! Vo(r) is the octet potential, which can be computed in perturbation theory.

! ΛH corresponds to the gluelump mass.

ΛH = lim
T→∞

i

T
log

〈

Ha(T/2)φadj
ab (T/2,−T/2)Hb(−T/2)

〉

,

where

φadj (T/2,−T/2) = P exp

(

−ig

∫ T/2

−T/2
dt A0 (R, t)

)

.

22 / 1

  in the Schrodinger equation  for heavy quarks obtained 
from the matching between NRQCD and pNRQCD

with V0 calculated in perturbation theory ,

ΛH

from the lattice=gluelump mass, in 
RS scheme =0.87\pm 0.15 GeV 

bH fit from the lattice data  

 and the mixing inside the multiplet taken into account 
with the coupled Schroedinger equations obtained in the 

matching Berwein,N.B. , 
Tarrus, Vairo 2015, 
see also E. Braaten 

et al 2013, 2014 
the spin is not included at this order of the matching 

most of the uncertainty 
comes from this error 



Lowest energy multiplet Σ−
u –Πu

! The two lowest laying hybrid static energies are Πu and Σ−
u .

! They are generated by a gluelump with quantum numbers 1+− and thus are
degenerate at short distances.

! The kinetic operator mixes them but not with other multiplets.

! Well separated by a gap of ∼ 1 GeV from the next multiplet with the same CP.

Coupled radial equations for Σ−
u –Πu

[

−
∂2
r

m
+

1

mr2

(

l(l + 1) + 2 2
√

l(l + 1)
2
√

l(l + 1) l(l + 1)

)

+

(

E
(0)
Σ 0

0 E
(0)
Π

)]

(

Ψε,ΣN

ψN
ε,Π

)

= EN

(

ΨN
ε,Σ

ΨN
ε,Π

)

[

−
∂2
r

m
+

l(l + 1)

mr2
+ E

(0)
Π

]

ψ(N)
−ε,Π = ENψ

(N)
−ε,Π .

! The coupled Schrödinger equations can be solved numerically.
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Hybrid Static energies

! The hybrid static energy spectrum reads

EH = 2m + VH ,

with

VH = lim
T→∞

i

T
log
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Ha(T/2)Oa(T/2)Hb(−T/2)Ob(−T/2)
〉

.

! Up to next–to–leading order in the multipole expansion.

VH = Vo + ΛH + bHr
2 ,

! Vo(r) is the octet potential, which can be computed in perturbation theory.

! ΛH corresponds to the gluelump mass.

ΛH = lim
T→∞

i

T
log

〈

Ha(T/2)φadj
ab (T/2,−T/2)Hb(−T/2)

〉

,

where

φadj (T/2,−T/2) = P exp

(

−ig

∫ T/2

−T/2
dt A0 (R, t)

)

.

22 / 1

ΛH and bH

are nonperturbative and should be obtained from 
lattice calculations
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Lattice data:Bali, Pineda 2004; Juge, Kuti, Morningstar 2003, dashed line V (0.5), solid line V (0.25)

V (0.25)

! r ≤ 0.25 fm: pNRQCD potential.

• Lattice data fitted for the r = 0 − 0.25 fm range with the same energy offsets as in
V (0.5).

b
(0.25)
Σ = 1.246GeV/fm2, b

(0.25)
Π = 0.000GeV/fm2 .

! r > 0.25 fm: phenomenological potential.

• V
′(r) =

a1
r +

√

a2r2 + a3 + a4.

• Same energy offsets as in V (0.25).
• Constraint: Continuity up to first derivatives.
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Hybrid state masses from V (0.25)

Solving the coupled Schrödinger equations we obtain
GeV cc̄ bc̄ bb̄

mH 〈1/r〉 Ekin PΠ mH 〈1/r〉 Ekin PΠ mH 〈1/r〉 Ekin PΠ

H1 4.15 0.42 0.16 0.82 7.48 0.46 0.13 0.83 10.79 0.53 0.09 0.86
H′
1 4.51 0.34 0.34 0.87 7.76 0.38 0.27 0.87 10.98 0.47 0.19 0.87

H2 4.28 0.28 0.24 1.00 7.58 0.31 0.19 1.00 10.84 0.37 0.13 1.00
H′
2 4.67 0.25 0.42 1.00 7.89 0.28 0.34 1.00 11.06 0.34 0.23 1.00

H3 4.59 0.32 0.32 0.00 7.85 0.37 0.27 0.00 11.06 0.46 0.19 0.00
H4 4.37 0.28 0.27 0.83 7.65 0.31 0.22 0.84 10.90 0.37 0.15 0.87
H5 4.48 0.23 0.33 1.00 7.73 0.25 0.27 1.00 10.95 0.30 0.18 1.00
H6 4.57 0.22 0.37 0.85 7.82 0.25 0.30 0.87 11.01 0.30 0.20 0.89
H7 4.67 0.19 0.43 1.00 7.89 0.22 0.35 1.00 11.05 0.26 0.24 1.00

Consistency test:

1. The multipole expansion requires
〈1/r〉 > Ekin.

Conclusion:

! V (0.25) yields more consistent results.

! As expected the our approach works
better in bottomonium than
charmonium

! Spin symmetry multiplets

H1 {1−−, (0, 1, 2)−+} Σ−
u , Πu

H2 {1++, (0, 1, 2)+−} Πu

H3 {0++, 1+−} Σ−
u

H4 {2++, (1, 2, 3)+−} Σ−
u , Πu

H5 {2−−, (1, 2, 3)−+} Πu

H6 {3−−, (2, 3, 4)−+} Σ−
u , Πu

H7 {3++, (2, 3, 4)+−} Πu

34 / 44

Hybrid state masses from V (0.25)

Solving the coupled Schrödinger equations we obtain
GeV cc̄ bc̄ bb̄

mH 〈1/r〉 Ekin PΠ mH 〈1/r〉 Ekin PΠ mH 〈1/r〉 Ekin PΠ

H1 4.15 0.42 0.16 0.82 7.48 0.46 0.13 0.83 10.79 0.53 0.09 0.86
H′
1 4.51 0.34 0.34 0.87 7.76 0.38 0.27 0.87 10.98 0.47 0.19 0.87

H2 4.28 0.28 0.24 1.00 7.58 0.31 0.19 1.00 10.84 0.37 0.13 1.00
H′
2 4.67 0.25 0.42 1.00 7.89 0.28 0.34 1.00 11.06 0.34 0.23 1.00

H3 4.59 0.32 0.32 0.00 7.85 0.37 0.27 0.00 11.06 0.46 0.19 0.00
H4 4.37 0.28 0.27 0.83 7.65 0.31 0.22 0.84 10.90 0.37 0.15 0.87
H5 4.48 0.23 0.33 1.00 7.73 0.25 0.27 1.00 10.95 0.30 0.18 1.00
H6 4.57 0.22 0.37 0.85 7.82 0.25 0.30 0.87 11.01 0.30 0.20 0.89
H7 4.67 0.19 0.43 1.00 7.89 0.22 0.35 1.00 11.05 0.26 0.24 1.00

Consistency test:

1. The multipole expansion requires
〈1/r〉 > Ekin.

Conclusion:

! V (0.25) yields more consistent results.

! As expected the our approach works
better in bottomonium than
charmonium

! Spin symmetry multiplets

H1 {1−−, (0, 1, 2)−+} Σ−
u , Πu

H2 {1++, (0, 1, 2)+−} Πu

H3 {0++, 1+−} Σ−
u

H4 {2++, (1, 2, 3)+−} Σ−
u , Πu

H5 {2−−, (1, 2, 3)−+} Πu

H6 {3−−, (2, 3, 4)−+} Σ−
u , Πu

H7 {3++, (2, 3, 4)+−} Πu

34 / 44

Hybrid state masses from V (0.25)

Solving the coupled Schrödinger equations we obtain
GeV cc̄ bc̄ bb̄

mH 〈1/r〉 Ekin PΠ mH 〈1/r〉 Ekin PΠ mH 〈1/r〉 Ekin PΠ

H1 4.15 0.42 0.16 0.82 7.48 0.46 0.13 0.83 10.79 0.53 0.09 0.86
H′
1 4.51 0.34 0.34 0.87 7.76 0.38 0.27 0.87 10.98 0.47 0.19 0.87

H2 4.28 0.28 0.24 1.00 7.58 0.31 0.19 1.00 10.84 0.37 0.13 1.00
H′
2 4.67 0.25 0.42 1.00 7.89 0.28 0.34 1.00 11.06 0.34 0.23 1.00

H3 4.59 0.32 0.32 0.00 7.85 0.37 0.27 0.00 11.06 0.46 0.19 0.00
H4 4.37 0.28 0.27 0.83 7.65 0.31 0.22 0.84 10.90 0.37 0.15 0.87
H5 4.48 0.23 0.33 1.00 7.73 0.25 0.27 1.00 10.95 0.30 0.18 1.00
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Consistency test:

1. The multipole expansion requires
〈1/r〉 > Ekin.

Conclusion:

! V (0.25) yields more consistent results.

! As expected the our approach works
better in bottomonium than
charmonium

! Spin symmetry multiplets

H1 {1−−, (0, 1, 2)−+} Σ−
u , Πu

H2 {1++, (0, 1, 2)+−} Πu

H3 {0++, 1+−} Σ−
u

H4 {2++, (1, 2, 3)+−} Σ−
u , Πu

H5 {2−−, (1, 2, 3)−+} Πu

H6 {3−−, (2, 3, 4)−+} Σ−
u , Πu

H7 {3++, (2, 3, 4)+−} Πu
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Hybrid state masses from V (0.25)
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GeV cc̄ bc̄ bb̄
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State M (MeV) Γ (MeV) JPC Decay modes 1st observation

X(3823) 3823.1 ± 1.9 < 24 ??− χc1γ Belle 2013

X(3872) 3871.68 ± 0.17 < 1.2 1++ J/ψ π+π−, J/ψ π+π−π0 Belle 2003

D0D̄0π0, D0D̄0γ

J/ψ γ, ψ(2S) γ

X(3915) 3917.5 ± 1.9 20± 5 0++ J/ψ ω, Belle 2004

χc2(2P ) 3927.2 ± 2.6 24± 6 2++ DD̄, Belle 2005

X(3940) 3942+9
−8 37+27

−17 ??+ D∗D̄, DD̄∗ Belle 2007

G(3900) 3943 ± 21 52± 11 1−− DD̄, Babar 2007

Y (4008) 4008+121
− 49 226 ± 97 1−− J/ψ π+π−, Belle 2007

Y (4140) 4144.5 ± 2.6 15+11
− 7 ??+ J/ψ φ CDF 2009

X(4160) 4156+29
−25 139+113

−65 ??+ D∗D̄∗ Belle 2007

Y (4220) 4216 ± 7 39± 17 1−− hc(1P )π+π−, BESIII 2013

Y (4230) 4230 ± 14 38± 14 1−− χc0 ω, BESIII 2014

Y (4260) 4263+8
−9 95± 14 1−− J/ψ π+π−, J/ψ π0π0 Babar 2005

Zc(3900)π,

Y (4274) 4293 ± 20 35± 16 ??+ J/ψ φ CDF 2010

X(4350) 4350.6+4.6
−5.1 13.3+18.4

−10.0 0/2++ J/ψ φ, Belle 2009

Y (4360) 4354 ± 11 78± 16 1−− ψ(2S)π+π−, Babar 2007

X(4630) 4634+ 9
−11 92+41

−32 1−− Λ+
c Λ

−
c , Belle 2007

Y (4660) 4665 ± 10 53± 14 1−− ψ(2S)π+π−, Belle 2007

Yb(10890) 10888.4 ± 3.0 30.7+8.9
−7.7 1−− Υ(nS)π+π− Belle 2010

TABLE V: Neutral mesons above open flavor threshold excluding isospin partners of

charged states.

results from Table IV, if we shift the masses by the difference in the H1/2 state ∼ 30 MeV,

then the other states agree within 40 MeV. The mass shift of 30 MeV should be accounted for

through the uncertainty of the gluelump mass and other systematic errors, so we can take the

40 MeV discrepancy between our results and those of [8] to be the uncertainty coming from

29

Experimental
candidates for

hybrids



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
Berwein,N.B. , Tarrus, Vairo 2015,

error
bands
come

from the 
uncertainty on the 

gluelump mass



Conclusions
OutlookII

Nonrelativistic Effective  Field Theories provide a systematic tool 

to investigate a wide range of heavy quarkonium observables         

in the realm of  QCD

At  T=0, away from threshold, EFTs 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.
Some lattice calculations are still needed (glue correlators,

quenched and unquenched Wilson loops with field insertions).

 At finite T allow us to give the appropriate definition and define a 
calculational scheme for quantities of huge phenomenological interest like  

the qqbar potential and energies 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

Quarkonium is a golden system to study strong interactions



Conclusions

We have presented results obtained for the hybrid masses 
in pNRQCD that show a very rich structure of multiplets.

These results are promising but need to be complemented by 
decay and transitions calculations.   A version of strongly 
coupled pNRQCD including hybrids should be eventually 

obtained in this framework and  the inclusion of the operators 
carring the synamics  light  quark degrees of freedom should 

be realized.

For states close or above  the strong decay threshold the situation is 
much more complicated.

Many degrees of freedom show up  and the absence of a clear 
systematic is an obstacle to a universal picture



Conclusions

We have presented results obtained for the hybrid masses 
in pNRQCD that show a very rich structure of multiplets.

These results are promising but need to be complemented by 
decay and transitions calculations.   A version of strongly 
coupled pNRQCD including hybrids should be eventually 

obtained in this framework and  the inclusion of the operators 
carring the synamics  light  quark degrees of freedom should 

be realized.

For states close or above  the strong decay threshold the situation is 
much more complicated.

Many degrees of freedom show up  and the absence of a clear 
systematic is an obstacle to a universal picture

Our understanding of how a theory of quarkonium should look like has dramatically
improved over the last decade.

For states below threshold such a theory exists and allows for a systematic study of the
quarkonium lowest resonances. Higher resonances may need to be supplemented by
lattice data. High quality lattice data have become available in the last years for some
fundamental quantities (e.g. potentials, decay matrix elements, ...).
• Precision physics is possible but also requires the accurate determination of some
observables (e.g. χc widths).

For states above threshold the picture appears less certain. Many degrees of freedom
show up, and the absence of a clear systematics appears as an obstacle to an universal
picture, although the EFT approach that leads to the Born–Oppenheimer approximation
seems to provide a rather general and promising framework. In some other cases,
descriptions have been found that suite specific families of states, the near threshold
molecular states providing an example.
• Fundamental experimental input (like confirmation, quantum numbers, widths and
masses) is still crucially missing for some of these states.



These theory tools can match some of the intense 
experimental  progress  of the last few years and 
of the near future



These theory tools can match some of the intense 
experimental  progress  of the last few years and 
of the near future

159

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
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Comparison with direct lattice computations
Charmonium sector

! Calculations done by the Hadron Spectrum Collaboration using unquenched
lattice QCD with a pion mass of 400 MeV. Liu et all 2012

! They worked in the constituent gluon picture, which consider the multiplets H2,
H3, H4 as part of the same multiplet.

! Their results are given with the ηc mass subtracted.

H1

H2
H3

H4

DD Threshold

DsDs Threshold

1!! 0!" 1!" 2!" 1"" 0"! 1"! 2"! 0"" 1"! 2"" 1"! 2"! 3"!

3.8

4.0

4.2

4.4

4.6
Mass!GeV"

Error bands take into account the uncertainty on the gluelump mass ±0.15 GeV

Split (GeV) Liu V (0.25)

δmH2−H1 0.10 0.13
δmH4−H1 0.24 0.22
δmH4−H2 0.13 0.09
δmH3−H1 0.20 0.44
δmH3−H2 0.09 0.31

! Our masses are 0.1− 0.14 GeV lower
except the for the H3 multiplet, which
is the only one dominated by Σ−

u .

! Good agreement with the mass gaps
between multiplets, in particular the
Λ-doubling effect (δmH2−H1 ).
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Comparison with direct lattice computations
Bottomonium sector

! Calculations done by Juge, Kuti, Morningstar 1999 and Liao, Manke 2002 using
quenched lattice QCD.

! Juge, Kuti, Morningstar 1999 included no spin or relativistic effects.
! Liao, Manke 2002 calculations are fully relativistic.

BB Threshold

BsBs Threshold

1!"

0!"

2!"
LM

JKM

H1 H2 H3 H1'
10.5

11.0

11.5

12.0

12.5
Mass!GeV"

Error bands take into account the uncertainty on the gluelump mass ±0.15 GeV

Split (GeV) JKM V (0.25)

δmH2−H1 0.04 0.05
δmH3−H1 0.33 0.27
δmH3−H2 0.30 0.22
δmH′

1−H1
0.42 0.19

! Our masses are 0.15− 0.25 GeV lower
except the for the H′

1 multiplet, which
is larger by 0.36 GeV.

! Good agreement with the mass gaps
between multiplets, in particular the
Λ-doubling effect (δmH2−H1 ).
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Conclusions

! We have computed the heavy hybrid masses using a QCD analog of the
Born-Oppenheimer approximation including the Λ–doubling terms by using
coupled Schröringer equations.

! The static energies have been obtained combining pNRQCD for short distances
and lattice data for long distances.

! A large set of masses for spin symmetry multiplets for cc̄, bc̄ and bb̄ has been
obtained.

! Λ–doubling effect lowers the mass of the multiplets generated by a mix of static
energies, the same pattern is observed in direct lattice calculations and QCD sum
rules.

! Mass gaps between multiplets in good agreement with direct lattice
computations, but the absolute values are shifted.

! Several experimental candidates for Charmonium hybrids belonging to the H1,
H2, H4 and H′

1 multiplets.

! One experimental candidate to the bottomonium H1 multiplet.
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Lowest energy multiplet Σ−
u –Πu

! The two lowest laying hybrid static energies are Πu and Σ−
u .

! They are generated by a gluelump with quantum numbers 1+− and thus are
degenerate at short distances.

! The kinetic operator mixes them but not with other multiplets.

! Well separated by a gap of ∼ 1 GeV from the next multiplet with the same CP.

Coupled radial equations for Σ−
u –Πu

[

−
∂2
r

m
+

1

mr2

(

l(l + 1) + 2 2
√

l(l + 1)
2
√

l(l + 1) l(l + 1)

)

+

(

E
(0)
Σ 0

0 E
(0)
Π

)]

(

Ψε,ΣN

ψN
ε,Π

)

= EN

(

ΨN
ε,Σ

ΨN
ε,Π

)

[

−
∂2
r

m
+

l(l + 1)

mr2
+ E

(0)
Π

]

ψ(N)
−ε,Π = ENψ

(N)
−ε,Π .

! The coupled Schrödinger equations can be solved numerically.
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