
Quarkonia and EXOTICS  
with 

Effective Field Theories   
Nora  Brambilla

Effective Field Theories

for Particle Physics

NORA BRAMBILLA

Physik Department TUM

T30f

http://einrichtungen.physik.tu-muenchen.de/T30f/

Effective Field Theories

for Particle Physics

NORA BRAMBILLA

Physik Department TUM

T30f

http://einrichtungen.physik.tu-muenchen.de/T30f/

work  done in the CRC110 in  
collaboration with  A. Vairo, M. Berwein, G. Krein, 

J. Tarrus, V. Shabotenko



• Quarkonium physics and scales

• Quarkonium X Y Z at and above 
threshold:models and degrees of freedom

• Quarkonium below the strong decay 
threshold: theory known (EFT and lattice)

• EFT for hybrids: results and 
comparison to the data,  
outlook for tetraquarks

• BO versus van der Waals regime: EFTs 
for QED

• van der Waals bottomonia 
interaction : bound states?
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bottomonium: the present revolution  
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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
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q

heavy light meson: HQET
only two scales exist                andm ΛQCD

A large scale αs(mQ) ≪ 1mQ ≫ ΛQCD
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Quarkonium: nonrelativistic 

multiscale system 
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v ≪ 1 → m ≫ mv ≫ mv
2

many scales: a challenge and an opportunity
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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
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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)
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*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 ) 
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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
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weakly coupled  
pNRQCD
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strongly  coupled pNRQCD r ⇠ ⇤�1
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strongly  coupled pNRQCD r ⇠ ⇤�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
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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
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Quarkonium singlet static potential 



 Spin dependent potentials  

N. B., Martinez, Vairo 2014 



 Spin dependent potentials  

Such data can distinguish different models for the dynamics 
of low energy QCD e.g. effective string model 

N. B., Martinez, Vairo 2014 



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

there is no mass gap between  quarkonium and the creation 
 of a heavy-light  mesons couple 

mQq̄ +mQ̄q = 2m+ 2⇤QCD
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For states close or above  the strong decay threshold the situation is 
much more complicated.

Near theshold heavy-light mesons and gluons excitations    
have to be included   and many additional states built using 

the light quark quantum numbers  may appear

there is no mass gap between  quarkonium and the creation 
 of a heavy-light  mesons couple 

mQq̄ +mQ̄q = 2m+ 2⇤QCD

 Many phenomenological models exist
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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

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
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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.

this happens if the state is 
sufficiently close to a threshold  

and if it has   S-wave coupling to 
the threshold—> loosely bound 

molecule with universal properties
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Situation similar to QED when one approach the interactions  
among atoms or molecules

e.g. two heavy nuclei at a distance R  plus electrons 
we have constructed  a QED derived  NR EFT  

description of these systems (based on pNRQED) by 
sequentially integrating out scales:

Effective  Field theories for Born-Oppenheimer systems
Nora Brambilla, Gastao Krein Jaume Tarrus Castella, and Antonio Vairo

for R  or  order of the size of the system 

Effective  Field theories for van der Waals interactions
Nora Brambilla,Vladyslav Shtabovenko, Jaume Tarrus Castella, and Antonio Vairo

for R  or  order of the size of the system

in QCD the situation is more complex:  scale Lambda_QCD, 
colour singlet and colour octet degrees of freedom 
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We need a description of states close or above threshold 
from QCD 

Already the case of QCD without light quark is very interesting. The degrees 
of freedom are  heavy quarkonium, heavy hybrids and glueballs

(QQ̄)1 + Glueball(QQ̄)1
(QQ̄)8G

hybrid



MODELS for HYBRIDS 

BO picture recently used by Braaten and collaborators 



MODELS for HYBRIDS 

BO picture recently used by Braaten and collaborators 

We obtain an EFT description  
starting from QCD—> NRQCD—>pNRQCD



Heavy-quark heavy antiquark plus glue 

Define the symmetries of the system and the system static 
energies in NRQCD

Lattice energies

◦ Juge Kuti Morningstar PRL 90 (2003) 161601

Symmetries

◦ Brambilla Pineda Soto Vairo NPB 566 (2000) 275

⇤

Juge Kuti Morningstar 2003
Static
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Lattice energies

◦ Juge Kuti Morningstar PRL 90 (2003) 161601

static
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pNRQCD predicts the     structure of multiplets at short 
distance and the ordering
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potential
gluelump  

mass 
correction softly breaking 

the symmetry 



We define symmetries and states in NRQCD

We match the energy and the states to 
pNRQCD  at order 1/m in the expansion (but no 
spin for now) and identify coupled Schroedinger  

equations for Sigma_u and Pi_u

These are  nonperturbative and 
would require lattice calculations of 

matrix elements

Lacking the lattice calculation, we 
identify the potentials with a multipole 

expansion in pNRQCD, solve the 
coupled equations and get the lowest 

ccbar, bbar and  bcbar muliplets



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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! The coupled Schrödinger equations can be solved numerically.

30 / 44

EH(r) = VO(r) + ⇤H + bHr2

The Lambda -doubling effect breaks the degeneracy between opposite 
parity spin-symmetry 

multiplets and lowers the mass of the multiplets that get mixed 
contributions of different static 

energies.
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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
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error
bands
come

from the 
uncertainty on the 

gluelump mass
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FIG. 5. Comparison of the results from direct lattice computations of the masses for charmonium

hybrids [48] with our results using the V (0.25) potential. The direct lattice mass predictions are

plotted in solid lines with error bars corresponding the mass uncertainties. Our results for the H1,

H2, H3, and H4 multiplets have been plotted in error bands corresponding to the gluelump mass

uncertainty of ±0.15 GeV.

splitting Ref. [48] V (0.5) V (0.25)

δmH2−H1
0.10 0.04 0.13

δmH4−H1
0.24 0.12 0.22

δmH4−H2
0.13 0.08 0.09

δmH3−H1
0.20 0.64 0.44

δmH3−H2
0.09 0.60 0.31

TABLE VII. Mass splittings between H1, H2, H3, and H4 charmonium hybrid multiplets for the

potentials V (0.5) and V (0.25) compared with the spin averages from the direct lattice calculation

of [48]. All values are given in units of GeV.

They studied the correlation functions of five operators on the lattice, three of them

corresponding to hybrid operators. They identified three hybrid states corresponding to the

ground states of the H1, H2, and H3 multiplets and one excited state of the H ′
1 multiplet.

Since no spin (or any relativistic) effects were included, the results given by Juge, Kuti, and

Morningstar are the masses of the degenerate multiplets, which correspond to the ones in
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FIG. 5. Comparison of the results from direct lattice computations of the masses for charmonium

hybrids [48] with our results using the V (0.25) potential. The direct lattice mass predictions are

plotted in solid lines with error bars corresponding the mass uncertainties. Our results for the H1,

H2, H3, and H4 multiplets have been plotted in error bands corresponding to the gluelump mass

uncertainty of ±0.15 GeV.

splitting Ref. [48] V (0.5) V (0.25)

δmH2−H1
0.10 0.04 0.13

δmH4−H1
0.24 0.12 0.22

δmH4−H2
0.13 0.08 0.09

δmH3−H1
0.20 0.64 0.44

δmH3−H2
0.09 0.60 0.31

TABLE VII. Mass splittings between H1, H2, H3, and H4 charmonium hybrid multiplets for the

potentials V (0.5) and V (0.25) compared with the spin averages from the direct lattice calculation

of [48]. All values are given in units of GeV.
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new lattice data from hadron spectrum collaboration
JHEP 1612 (2016) 089 with pion mass 240 MeV but no continuum limit 

Comparison to direct lattice calculations



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'
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11.0

11.5

12.0
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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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Comparison to sum rules



Adding  the spin of the heavy quark: interesting 
multiplet structure  coming from the quark-

antiquark being in an octet

Mixing and transitions  with quarkonium

Add light  quarks: tetraquarks , need lattice tetra quark 
potentials

Currently in consideration:

Soto et al  2016













Conclusions
Quarkonium is a golden system to study strong interactions  

For states below threshold non relativistic EFTs  provide a systematic tool 
to investigate a wide range of observables in the real of QCD 

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

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

Lattice input needed: gluelump  masses, tetra quark potentials



Conclusions

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.

Lattice input needed: gluelump  masses, tetra quark potentials



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





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.
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H4

DD Threshold
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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 ).

32 / 1Berwein,N.B. , Tarrus, Vairo 2015



Comparison to sum rules



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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