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Heavy quarks offer a privileged access
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Heavy quarkonia are nonrelativistic bound
systems: multiscale systems

many scales: a challenge and an opportunity

ELECTROMAGNETIC BOUND STATES: ATOMS, MOLECULES,
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(PNRQCD)

E ~ mv>

P B S R O T
QCD Yheoe B
11_1 L . | | | ,/_
perturbative matching perturbative matching 0 2 9982

............................................. I_l
T NRQCD

|

............................................. I_,[

mv2 nonperturbative matching perturbative matching

| (long—range guarkonium) | (short—range quarkonium)




Quarkonium with NR EFT: potential NonRelativistic QCD
(PNRQCD)

N
mn —+ _ | _ .
perturbative matching perturbative matching

T NRQCD
|
............................................. I_,[
mv2 nonperturbative matching perturbative matching
- | (long—range quarkonium) | (short—range quarkonium)




Quarkonium with NR EFT: potential NonRelativistic QCD
(PNRQCD)

N
mn —+ _ | _ .
perturbative matching perturbative matching

T NRQCD
|
............................................. I_,[
mv2 nonperturbative matching perturbative matching
- | (long—range quarkonium) | (short—range quarkonium)

TN 75, ].
LoNrQCD = ) Y —rck(as(m/p)) x V(rp', i) x r
k n




Quarkonium with NR EFT: potential NonRelativistic QCD
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Quarkonium with NR EFT: pNRQCD

weakly strongly
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pN RQCD A potential picture arises at the level of pNRQCD:
1 « the potential is perturbative if mv = Agep

« the potential is non-perturbative if mv ~ Agep

In QCD another scale is relevant AQCD

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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today we have a complete theory description for quarkonia
states away from the strong decay threshold

The EFT has been constructed PNRQCD
*Work at calculating higher order perturbbative corrections
INn v and alpha_s

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

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

The issue here iy precision physicsy 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

e The eff has allowed to systematically factorize and to study the low
energy nonperturbbative contributions
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strongly coupled pNRQCD 7 ~ Agep mv ~ Agep
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strongly coupled pNRQCD 7 ~ Agep mv ~ Agep
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eintegrate out all scales above TIHU

| ¢ gluonic excitations develop a gap AQCD

and are integrated out

1 = The singlet quarkonium field S of energy mv?

is the only the degree of freedom of pNRQCD
(up to ultrasoft light quarks, e.g. pions).
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A potential description emerges from the EFT B s

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

get spectra and decays

e \/ to be calculated on the lattice or in QCD vacuum models



Quarkonium singlet static potential
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Terrific advance in the data precision with LUscher multivel algorithm!

Such data can distinguish different models for the dynamics

of low energy QCD e.g. effective string model
N. B., Martinez, Vairo 2014
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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

mqQg -+ Mmaog = 2m + QAQCD

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

the hght quark quantum numbers may appear

No systematic freatment is yet available; also latfice
calculations are challenging

Many phenomenological models exist



States made of two heavy and light quarks

Pairs of heavy-light mesons: DD, BB, ...

» Pairs of heavy-light baryons.

Molecular states, i.e. states built on the pair of heavy-light mesons. °Qlao PLB 639 (2006) 263

> Torngvist PRL 67 (91) 556

» The usual quarkonium states, built on the static potential, may also give rise to
molecular states through the interaction with light hadrons (hadro-quarkonium).
o Dubynskiy Voloshin PLB 666 (2008) 344

Tetraquark states. MAIANI, PICCININI, POLOSA ET AL. 2005--

~Jaffe PRD 15(77) 267
o BEbert Faustov Galkin PLE &34(0&) 214

Having the spectrum of tetraquark potentials, like we have for the gluonic
excitations, would allow us to build a plethora of states on each of the tetraquark
potentials, many of them developing a width due to decays through pion (or other
light hadrons) emission. Diquarks have been recently investigated on the lattice.
s~ RBlexandrou et al. PRL 97(0&8)222002
> Fodor et al. PoS LAT2005(06)310
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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 ‘ ‘ 4-quark state with J©°¢ = 17+

Hogassen et al 05

X ~ (cé)fszl ® (qé)fszl
~ (CQ)SZO X (qé)szl + (CQ)}gzl ® (qé)}s‘:o

Molecular model

Torngvist 93, Swanson 04
Predictions based on the phenomenological
H = _Z"Cij TR T o R o
’ =\1 =\ 1 =\1 =\1
Y X ~ (CQ_)S:O ® (Q_C)szl -+ (CQ>S:1 ® (C]C)szo
~DD*+D*D

This is assumed to be the dominant long-range Fock component;
short-range components of the type (c€)¢_, ® (q@)§_,
~ J /v p,w are assumed as well.

Maiani et al 04

X ~ (69)3521 ® (557)35:0 + (CQ)ES:() ® (EQ)%: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); Tetra q ua rk m Od e I

the difficulty in breaking the system explains the narrow width.

Predictions based on the phenomenological Hamiltonian: H = > .. k;; o ® o; the



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

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

¢ An example is the X (3872) intepreted as a D" D* " or DY D" Y molecule.
In this case, one may take advantage of the hierarchy of scales:
AQeD 3 my 3 m2 /Mpo == 10 MeV Erinding
= Mx —(Mpso+ Mpo) = (014 1.0) MeV
Systems with a short-range interaction and a large scaftering length have universal properfies
that may be exploited: in particular, production and decay amplitudes factorize in a short-range
and a long-range part, where the latter depends only on one single parameter, the scattering

length. An universal property that fits wall with the observed large branching fraction of the
X (3872) decaying into D" D7 is B(X — D"D%z") = B(D*"Y — D"z = 60%.

-

Pakwvasa Suzuki 03, Voloshin 03, Braaten Kusunoki 03
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Situation similar to QED when one approach the interactions
among atoms or molecules

e.g. two heavy nuclel 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:

for R or order of the size of the system

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

in QCD the situation is more complex: scale Lambda_QCD,
colour singlet and colour octet degrees of freedom



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
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from QCD

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

2
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(QAQ)1 S (QQ)1 + Glueball g
oo = :
TR IITIN S hybrid




MODELS for HYBRIDS

Constituent gluon picture Horn and Mandula 1978

@ treat hybrids as a three-body system QQg
@ add J¥¢ quantum numbers of gluon and quarkonium

Fluxtube model Isgur and Paton 1983
@ gluons assumed to form string between heavy quarks

@ hybrids correspond to vibrational excitations of string

Born-Oppenheimer (BO) approximation Griffiths, Michael and Rakow 1083

@ determine energy spectrum of static quarks

@ solve Schrodinger equation with static energy as potential

BO picture recently used by Braaten and collaborators




MODELS for HYBRIDS

Constituent gluon picture Horn and Mandula 1978

@ treat hybrids as a three-body system QQg
@ add JF¢ quantum numbers of gluon and quarkonium

Fluxtube model Isgur and Paton 1983
@ gluons assumed to form string between heavy quarks
@ hybrids correspond to vibrational excitations of string

Born-Oppenheimer (BO) approximation Griffiths, Michael and Rakow 1083

@ determine energy spectrum of static quarks

@ solve Schrodinger equation with static energy as potential

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
energles in NROQCD

Static

Lattice energies

0.9

0.8

0.7

0.4

0.3

a.~0.2 fm
| Gluon excitations | N:a_

string ordering

J | p N=1

crossover &7 / I

"

agla;=z'5 |
z=0.976(21)

5h_r::rrt distance
degeneracie

R/ag

0 Z 4 6 8 10 12 14

Juge Kuti Morningstar 2003

Symmetries

Static states classified by symmetry group D4
Representations labeled A7

» A rotational quantum number
ih-K|=0,1, 2... corresponds to
N1 1. ...

> 1) eigenvalue of CP:
g =+ 1 (gerade), u= — 1 (ungerade)

» o eigenvalue of reflections

» o label only displayed on 2 states
(others are degenerate)

e [he static energies correspond to the irreducible representations of D.

e In general it can be more than one state for each irreducible represent
D p. usually denoted by primes, e.g. 1y, 1, T/ ...



even the case without light quark is difficult

. static .
Lattice energies

Dlg I ' ! I T T
atEl—' E)=.15 ,;-‘" N=4
a.~0.2 fm
o8 | Gluon excitations gN=3
.--Il i ..g. N:E
string ordering
. R F
;'f .-";- .ﬂ?—/ 'i- N:1
0.7y ‘S S

u'.S-h_f:nrrt distance
degeneracie

0.3

agla; =25 |
z=0.976(21)

R/ag

10 12 14

EE is the ground state potential that
generates the standard quarkonium states.

The rest of the static energies correspond to
excited gluonic states that generate hybrids.

The two lowest hybrid static energies are [1,
and 2, , they are nearly degenerate at short
distances.

The static energies have been computed in
quenched lattice QCD, the most recent data
by Juge, Kuti, Morningstar, 2002 and Bali and
Pineda 2003.

Quenched and unquenched calculations for Zg
and 1, were compared in Bali et al 2000 and
good agreement was found below string
breaking distance.

o Juge Kuti Morningstar PRL 90 (2003) 161601



even the case without light quark is difficult

. static .
Lattice energies

1 —
GR EF B:%},:;f AN .
. As7Uelm g » 2T is the ground state potential that
0g | Gluon excitations pN=3 £ 5 P

- generates the standard quarkonium states.

string ordéring / /, » The rest of the static energies correspond to

» N=1 excited gluonic states that generate hybrids.

0.7
N<O » The two lowest hybrid static energies are 1,
and 2, , they are nearly degenerate at short
1 distances.

» The static energies have been computed in

ajla =2'5 | quenched lattice QCD, the most recent data
z=0.976(21) by Juge, Kuti, Morningstar, 2002 and Bali and
Pineda 2003.

I » Quenched and unquenched calculations for Zg
and 1, were compared in Bali et al 2000 and
R/ag good agreement was found below string

D.S\I 1 1 1 1 . .
Uq 6§ 8 10 12 14 breaking distance.

o Juge Kuti Morningstar PRL 90 (2003) 161601

. sh_Er'rt distpnce
degenergcie
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PNRQCD predicts the structure of multiplets at short
distance and the ordering

In the limit r — 0 more symmetry: D, — O(3) x C

JPC

» Several ﬁ,f; representations contained in one representation:

» Static energies in these multiplets have same r — 0 limit.

T T T T T I 1"'_,5' r-| B
X (r-D)ir B)

[1, r x (K]

[T, rx ((r-D)B+ D(r-B))
Ag (rx D)i(r=x B)7+

+Hrx D) (rx B)

e (r-D)(r- E)

) r-B

[1, r x B

[17, rx ((r-D)E4+ Dir- E))
AW (rx D) (r=xEJ+

+i(r x D) (r x EV
Brambilla Pineda Soto Vairo O




Match to pNRQCD: one can determine the form of the
potential

* At lowest order in the multipole expansion, the singlet decouples

while the octet is still coupled to aluons.
* Static hybrids at short distance are called gluelumps and are

described by a static adjoint source () in the presence of a
gluonic field (H):

H(R,r,t) = Tr{O [}

H H |

i T T
Fe =V, 4+ — In(Ha({ =)e2d b2y
H = n{ [2} S HE( E}f

T T -
(H" [E}r.--:?;’!’?[—ij}ﬂp ~ he—iTAH

Eg(r) =V,(r) +Ag +O(fr'2)




Match to pNRQCD: one can determine the form of the
potential

* At lowest order in the multipole expansion, the singlet decouples

while the octet is still coupled to aluons.
* Static hybrids at short distance are called gluelumps and are

described by a static adjoint source () in the presence of a
gluonic field (H):

H(R,r,t) = Tr{O [}

H H
o

* _ —iTEy

i T T
Eg=V.4+ —InlH(= ,-_-_.E"Cu ey

T T -
(H" [E}r.--:?;’!’?[—ij}ﬂp ~ he—iTAH

Eg(r) =V,(r) +Ag +O(fr2)

e . o o Of[et glue‘hﬁp correction softly bre
potential mass 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 pPNRQCD, solve the
coupled equations and get the lowest
ccbar, bbar and bcbar muliplets



Lowest energy multiplet 2 —I1,

Eu(r) =Vo(r)+ Ag + byr?

» The two lowest laying hybrid static energies are 1, and 2, .

» They are generated by a gluelump with quantum numbers 17~ and thus are
degenerate at short distances.

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

» Well Sepavﬂ-l-f\ll L\\l -~ A I\'c. - 1 PI\\I -clff\m +L\A m AN Mlll‘l‘:“ll\‘l‘ IAI:"'L\ -I-If\l\ [aka N ' Wal FD

Coupled radial Schrodinger equations

Projection vectors in matrix elements allow for two different solutions
(coupled or uncoupled) for the 37 and II, radial wave functions:

I S 1 (lt+1)+2 2/I0+0) EL o AN £ 2>
[2pr20’ 8"+2pr2 (2 I(1+1)  1(l+1) +( o EY Yn =€ Y

2nd solution

o

[(1+1)
2ur?

[ ! Or 12 0y +

" 2ur? b Eﬁo)] Yn = EYn

@ energy eigenvalue £ gives hybrid mass: my = mg +mg + &

o I(I + 1) is the eigenvalue of angular momentum L? = (Loo + Lg)2

@ the two solutions correspond to opposite parity states: (—1)" and (—1)"!
e corresponding eigenvalues under charge conjugation: (—1)'*% and (—1)*+s+!
@ Schrodinger equations can be solved numerically




Lowest energy multiplet 2 —I1,

Eu(r) =Vo(r)+ Ag + byr?

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.

Coupled radial Schrodinger equations

Projection vectors in matrix elements allow for two different solutions
(coupled or uncoupled) for the ¥ and II,, radial wave functions:

I S 1 [+ +2 2/10+1) EY o AN £ %>
[ 2r2 O G (2 0+ I(l+1) )+( o EO/|\¥ =€ \om

2nd solution

[(1+1)
2ur?

[ : O,r%0, +

~ 5 + Eﬁ"’] Y = €

@ energy eigenvalue £ gives hybrid mass: my = mqg +mg + €&

@ [(l + 1) is the eigenvalue of angular momentum L* = (Loo + Lg)2

@ the two solutions correspond to opposite parity states: (—1)" and (—1)"!
@ corresponding eigenvalues under charge conjugation: (—1)** and (—1)+s+!
@ Schrodinger equations can be solved numerically
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Lattice data:Bali, Pineda 2004; . dashed line V(O‘S), solid line V(O'25)
V(O.25)

> r < 0.25 fm: pNRQCD potential.

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

pO%) = 1.246 GeV /fm?, b =0.000 GeV /fm> .

» r > 0.25 fm: phenomenological potential.

o V’(r) = 371 + \/azr2 + a3 + as.
e Same energy offsets as in v(0:25),
e Constraint: Continuity up to first derivatives.

Berwein,IN.B. , Tarrus, Vairo arXiv:1510.04299


http://arxiv.org/abs/arXiv:1510.04299

Hybrid state masses from V/(0-25)

Solving the coupled Schrodinger equations we obtain

GeV cC bc
my | (1/r) | Exin Pn my | (1/r) | Ekin Pn my (1/r) | Exin Pn
H 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{ 4.51 0.34 0.34 0.87 7.76 0.38 0.27 0.87 10.98 0.47 0.19 0.87
H> 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) 4.67 0.25 0.42 1.00 7.89 0.28 0.34 1.00 11.06 0.34 0.23 1.00
Hs 4.59 0.32 0.32 0.00 7.85 0.37 0.27 0.00 11.06 0.46 0.19 0.00
Hy 4.37 0.28 0.27 0.83 7.65 0.31 0.22 0.84 10.90 0.37 0.15 0.87
Hs 4.48 0.23 0.33 1.00 7.73 0.25 0.27 1.00 10.95 0.30 0.18 1.00
He 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: » Spin symmetry multiplets
1. The multipole expansion requires Hi | {177,(0,1,2)~ "} | X, My
<1/r> > Eiin. H- {1++7(07172)+_} [y
H3 {O++, 1+_} >,
H,y {2++7(17273)+_} 2;1 [,
» As expected the our approach works H >—— (1.2.3)—F M
better in bottomonium than ° t (1,2,3)77} -
charmonium He | {377,(2,3,4)" "} | X, My
H7 {3++7 (27374)+_} [,

Berwein,IN.B. , Tarrus, Vairo arXiv:1510.04299


http://arxiv.org/abs/arXiv:1510.04299

Identification with experimental states

Most of the candidates have 1~ or 077 /277 since the main observation channels L
are production by e"e™ or vy annihilation respectively.

come
Charmonium states from the
. ncertainty on the
fass(GeV)
war n / gluelump mass
6 .'_ / == =
i =,
i H, &
y s
L A, _— +
: —_— —— H,'
- —— + I
. + _—
40 :.- + —_
e e e e e e e 1 e e B B e 1 e Bt e B B B B B B B B ) e ESOM e
38 :
36
34k
32 1 1 1 1 1 1 1 1 1 1 1

Y(4008)[17 ]  Y(4220)[1 "] Y(4230)[1 "] Y(4260)[1 "] X(4160)[?™*] X(4140)[1**] X(4270)[1**] X(4500)[0**] X(4350)[0/2**] X(4360)[1 "] X(4630)[1 ] Y(4660)[1 -1

» Bottomonium states: Y;(10890)[1~ ], m = 10.8884 + 3.0 (Belle). Possible H;
candidate, my, = 10.79 = 0.15.

However, some of the candidates decay modes violate Heavy Quark Spin Symmetry.

Berwein,IN.B. , Tarrus, Vairo arXiv:1510.04299


http://arxiv.org/abs/arXiv:1510.04299

Comparison to direct lattice calculations

Mass(GeV
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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(025) potential. The direct lattice mass predictions are
plotted in solid lines with error bars corresponding the mass uncertainties. Our results for the Hy,
Hs>, Hs, and H, multiplets have been plotted in error bands corresponding to the gluelump mass

tainty of £0.15 GeV. ' l
e : We observe the same Lambda-doubling pattern in

lattice calculations, multiplets that receive mixed
contributions from Sigma_u and Pi_u have lower
masses then those that remain pure Pi_u states
L. Liu et al. [Hadron Spectrum Collaboration|, JHEP 1207, 126 (2012) [arXiv:1204.5425

hep-ph]l.  with pions of 400 MeV and no extrapolation to the continuum



Comparison to direct lattice calculations

Mass(GeV)
4.6 -
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support the result of the pNRQCD and BO approaches that the hybrid states appear in
three distinet multiplets (H,, Hs, and Hy) as compared to the constituent gluon picture,

where they are assumed to form one supermultiplet together (cf. also the discussion in [34]).

tainty of £0.15 GeV. : '
e = We observe the same Lambda-doubling pattern in

lattice calculations, multiplets that receive mixed
contributions from Sigma_u and Pi_u have lower

_ masses then those that remain pure Pi_u states -
L. Liu et al. [Hadron Spectrum Collaboration], JHEP 1207, 126 (2012) [arXiv:1204.5425

hep-ph]l.  with pions of 400 MeV and no extrapolation to the continuum
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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.
Mass(GeV)

12.5

12.0

115

110

10.5

_l_ LM

B.B, Threshold

____________________________________________ —_—

BB Threshold

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

Split (GeV) | JKM | v(0-25)
5mH2_H1 0.04 0.05
5mH3_H1 0.33 0.27
(Sm/_[:,,_/_/2 0.30 0.22
5mH{_H1 0.42 0.19

Berwein,N.B. , Tarrus, Vairo 2015

» Qur masses are 0.15 — 0.25 GeV lower
except the for the H; multiplet, which

is larger by 0.36 GeV.

» Good agreement with the mass gaps
between multiplets, in particular the
A-doubling effect (dmy, —Hy).



FIG. 7. Comparison of the mass predictions for charmonium hybrids in the upper figure and for

e - bottomonium hybrids in the lower figure, obtained using QCD sum rules [68], with our results
using the V(0-25) potential. The solid lines correspond to the QCD sum rules masses with error
: bars corresponding to their uncertainties. Our results for the Hy, Hs, H3, and H4 multiplets have
been plotted in error bands corresponding to the gluelump mass uncertainty of +£0.15 GeV.




Currently in consideration:

Adding the spin of the heavy quark: interesting
multiplet structure coming from the quark-
antiguark being in an octet

Mixing and transitions with quarkonium Sotoetal 2016

Add light quarks: tetraquarks , need lattice tetra quark
potentials



Chromopolarizability &
color van der Waals forces

0w )

Inferactions between color neutral objects:

Via creation of instantaneous color dipole moments &
gluon transitions in virtual color-octet intermediate state

— Polarizability—

— Chromopolarizability of 1S bottomonium;
use PNRQC (potential Nonrelativistic QCD)

N. Brambilla, GK, J. Tamus-Castella, A. Vairo, PRD 93, 054002 (2016)



— Chromopolarizability of 1S bottomonium;

use PNRQC (potential Nonrelativistic QCD)
— van der Waals force between two bottomoniaq;
use QCD frace anomaly to match pNRQC to a chiral EFT

QCH — NROCEH = ¢ DINRQCE)

~ mv? pNRQCD
~ AQC p gWEFT
~mge~k YEFT

k*/my WEFT

|

gWEFT — XEFT — WEFT

Polarizability van der Waals

1M : bottom mass, U : relative velocity

m > mu S>> mu? > Aqcp

Mg : mass bottomonium, Téd ~ 1/772%: relative distance

kid) /mg = m2 /mg <K My



Chromopolarizability
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FIG. 3. The dependence of the polarizability on the number of
colors. The dashed line at the constant value 7/12 comesponds to
the large-N, limit computed in Ref. [13].



van der Waals force

gWEFE  —» X EF]

——(— QCD trace
- R anomaly
l’ ‘\ ’ \

82
g*(m* (p1)7™ (p2) | EZ|0) = = ((p1 + p2)2K1 + m2ky)
....... . 2
K1 = l—gh/4. Ko = 1—9&/2 b= ?l\rc—gl\rf

k=0.186£0003+0.006 «—— ¥ = Jr"m" _integrate out the pior

XEFL T WEFT
Tép ~ 1 /My kid)/md, = m,,Q,/md, <K My




— vdW potential

1 [ e
W) = oo /.» ~dppe"Im [W(e—zu)]
3mB*m2 2 3 2 2
= g [(4 (k2 +3)° (mx7)” + (3K] + 43K35 + 14K, K2) m,,r) K,(2m,7)

+2 (2 (K2 + 3) (K1 + 5K2) (mxT)? + (3k% +43K32 + 141{152)) K2(2m,,'r)]

V[MeV] . . . | | o
GsympTOTiC 08 10 12 14 16 I8 —-g'nl'llln]
v o4 e
2.-.3/2 Q. 9/2 —-1072
3(3 + h:z)z?l';/zﬁz m,’/ —omer .

Wir) =- 402 572 ¢

FIG. 9. Comparison of the van der Waals potential (40) (blue
line) with its long-range expansion (41) (red line) for f =
0.92 GeV~* and other parameters like in Fig. 8.

Are there 71y 1y bound-stafese

It is likely, but depends somewhat
on the medium- and short-range pieces




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 pPNRQCD that show a very rich structure of multiplets.
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study of the spectrum of the static Hamiltonian with non-static corrections
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e The potential is obtained by matching to the static energies computed in Lattice

NRQCD.

e The nonadiavatic coupling mixing terms are important due to the short range
degeneracy of the static energies.

e There are several experimental candidates for charmonium hybrids and one
candidate for bottomonium hybrids.
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Conclusions
study of hybrids in EFT framework (NRQCD and pNRQCD)

study of the spectrum of the static Hamiltonian with non-static corrections
short distance degeneracy of static energies
mixing of different static states

R HOAR RYRN RN

breaking of degeneracy between opposite parity states

v
e The potential is obtained by matching to the static energies computed in Lattice

NRQCD.

e The nonadiavatic coupling mixing terms are important due to the short range
degeneracy of the static energies.

e There are several experimental candidates for charmonium hybrids and one
candidate for bottomonium hybrids.

Outlook
@ development of full EFT treatment
@ inclusion of spin dependent corrections
@ inclusion of light quark contributions — study of tetraquarks or decays

v

Lattice input needed: gluelump masses, tetra quark potentials

e Fundamental experimental input (like confirmation, quantum numbers, widths and
masses) is still crucially missing for some of these states.




Experimental

hybrids

(3940)
(3900)
(4008)
candidates for | vy
(4160)
(4220)
(4230)
(4260)

State M (MeV) I (MeV) JP¢ Decay modes 1% observation
X(3823) 3823.1+19 <24 PEEn ey Belle 2013
X(3872) 3871.68 +0.17 < 1.2 1t J/prta—, J/pata— w0 Belle 2003

D°DO70 DODO%
/P, P(25)
X(3915) 3917.5+£1.9 20+£5 0ttt J/pw, Belle 2004
Xe2(2P) 3927.2+26 2446 AR DD Belle 2005
X(3940) 39427°7 Ly P DR DD Belle 2007
G(3900) 3943 421 52+ 11 1=~ DD, Babar 2007
Y (4008) 400872 226+97 1~ J/ynta, Belle 2007
L VA R o 7t T/ CDF 2009
X (4160) 4156752 I3 A R DL By Belle 2007
Y (4220) 4216 £7 39417 17~ h(1P)xtn, BESIII 2013
Y (4230) 4230 + 14 38+14 177 yeuw, BESIII 2014
Y (4260) 426315 95+14 1= J/yata—, J/ya°x®  Babar 2005
Z(3900) T,
Y (4274) 4293 + 20 35+16 7t J/Yé CDF 2010
X (4350) 4350.672%  13.37184 /2t J/y ¢, Belle 2009
Y (4360) 4354 + 11 78+16 17~ (2S)wta, Babar 2007
X (4630) 4634F o Lo e v o Belle 2007
Y (4660) 4665 + 10 53+14 17~ o2S)wta, Belle 2007
Y,(10890) 10888.4 £3.0 30.7132 17— T(nS)ntn~ Belle 2010

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

charged states.




Results |I: Comparison to BO approximation

— For Hybrid multiplets:

Mass(Ge V)
50~
a5k —— —
aok
DI, Threshold
T T T T T T T T T T T O Theshald
1sf
H, H H, H, Hy Hy H
Mass(GeV)
ll.-‘:
ll_IE
[ e - -
nol e R R
s ——
]
[ BE Theshold
10.4:
af
luo- 1 L
H, H H, H, Hy Hy H

[ | JPC{s=0,s=1} | EY
Hy | 1| {17—,(0,1,2)~F} | B, I,
Hy | 1 | {177,(0,1,2)T} IT,
Hsz | 0 {ot+,17} Y
Hy | 2 | {2t+,(1,2,3)t"} | B, I,
Hs | 2 | {27,(1,2,3)~ 1} IT,,

Braaten, Langmack and Smith 2014

@ no distinction between opposite
parity states in BO

@ mixed states lie lower than pure

@ discrepancy for Hy, Hq and Hy
due to different potential fits




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 ail 2012
» They worked in the constituent gluon picture, which consider the multiplets H>,
Hs, Hy as part of the same multiplet.
» Their results are given with the n. mass subtracted.

Mass(GeV)

46
L H4 - - +
i H, =T

44+ H;
[ Hl +
==

42 e —

4.0 - —
| DD, Threshold

38+

1— ot 1-+ -+ 1+ O-i‘-— 1-1‘-— 2-1‘-— O-i‘-+ 1-1‘-— 2-|‘-+ 1-1‘-— 2+= 3t=

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

Split (GeV) Liu V(0-25) » Our masses are 0.1 — 0.14 GeV lower
OMp, —H, 0.10 0.13 except the for the Hz multiplet, which
OMp, _H, 0.24 0.22 is the only one dominated by ¥, .

(Sm/-/4_/_/2 0.13 0.09
(Sm/-/?)_/_/1 0.20 0.44
5mH3_H2 0.09 0.31

» Good agreement with the mass gaps
between multiplets, in particular the
A-doubling effect (6mpy, —H,).

Berwein,IN.B. , Tarrus, Vairo 2015
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FIG. 7. Comparison of the mass predictions for charmonium hybrids in the upper figure and for

bottomonium hybrids in the lower figure, obtained using QCD sum rules [68], with our results
using the V(0-25) potential. The solid lines correspond to the QCD sum rules masses with error
bars corresponding to their uncertainties. Our results for the Hy, Hs, H3, and H4 multiplets have

hlotted in error bands corre: uelump mass uncertainty of +0.15 GeV.




We have computed the heavy hybrid masses using a QCD analog of the
Born-Oppenheimer approximation including the A—doubling terms by using
coupled Schroringer equations.

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

A large set of masses for spin symmetry multiplets for cZ, b¢ and bb has been
obtained.

NA—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 Hj,
H>, Hy and Hj multiplets.

One experimental candidate to the bottomonium H; multiplet.



