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Material for discussion
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oy Quarkonium 2017
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s.M The 12th International Workshop on Heavy Quarkonium 3 i \ j—;

November 6-10, 2017, Peking University, Beijing, China

at http://itp.phy.pku.edu. cn/conference/qwgﬁ?b17/

- Heavy quarkonium: progress, puzzles, and opportunities
N. Brambilla (Munich, Tech. U.) et al.. Oct 2010. 181 pp.

Published in Eur.Phys.J. C71 (2011) 1534

e-Print: arXiv:1010.5827 [hep-ph]- Cited by 1190 records

- QCD and Strongly Coupled Gauge Theories: Challenges and Perspectives

N. Brambilla (Munich, Tech. U.) et al.. Apr 2014. 241 pp. Cha ter on eXOtiCS
Published in Eur.Phys.J. C74 (2014) no.10, 2981 p

e-Print. arXiv:1404.3723 Cited by 264 records

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.


http://inspirehep.net/record/874793
http://inspirehep.net/author/profile/Brambilla%2C%20N.?recid=874793&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Munich%2C%20Tech.%20U.%22&ln=en
http://inspirehep.net/record/874793
http://arxiv.org/abs/arXiv:1010.5827
http://inspirehep.net/search?ln=en&p=refersto%3Arecid%3A874793
http://inspirehep.net/record/1290484
http://inspirehep.net/author/profile/Brambilla%2C%20N.?recid=1290484&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Munich%2C%20Tech.%20U.%22&ln=en
http://inspirehep.net/record/1290484
http://arxiv.org/abs/arXiv:1404.3723
http://inspirehep.net/search?ln=en&p=refersto%3Arecid%3A1290484
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QCD theory of Quarkonium: a very hard problem
EOCENO e pound statfe Qg ~ VU

2 p

p g mCVS 4 4 e 56 1
Y :
g_ (1 I mas ) 2 .l.'_
p2 P o From (& + V)¢ =FE¢ —p~mvand IV = — F Vs omn
B~ my?  multiscale diagrams have a comphcate power
/ counting and contribute to all orders in the coupling
T 8 8 0§ 0|
\\ ~ 1M
s Dithcult also
y = £ .
e or the lattice!

i o .




Quarkonium with Non Color degrees of freedom

= | . 3X3=1+8
relativistic Effective Field singlet and octet QQbar

Theories
A Hard
QCD
nm —
perturbative matching perturbative matching
_____________________________________________ | Soff
(relative
mv —} momentum
NRQCD |
............................................. I_j_l
2 | nonperturbative matching perturbative matching
LU= (long—range quarkonium) | (short—range quarkonium) Ultrasoft
(binding energy|
oNRQCD
On (1, M) O,) ~ E¥
Lopn = E o i o
Bl Cn( A/ ,LL)

Ep

n



Quarkonium with Non
relativistic Effective Field

111 —

Imv —

mv -

Theories
QCD
perturbative matching perturbative matching
--------------------------------------------- I_l
NRQCD
--------------------------------------------- I_ll

| (long—range quarkonium)

nonperturbative matching

perturbative matching
(short—range guarkonium)

pNRQCD

On(pt, A)

LErT = Z Cn(En/ ) =

n

Color degrees of freedom
3X3=1+8
singlet and octet QQbar

Hard
el SOff
m (relative
momentum)
Ultrasoft
(binding energy]
<On> o EQ



Quarkonium with Non Color degrees of freedom

= | . 3X3=1+8
relativistic Effective Field singlet and octet QQbar

Theories
A Hard
QCD
m —
perturbative matching perturbative matching
_____________________________________________ L By mw Soft
Ea m (relative
mv —} momentum
NRQCD |
_____________________________________________ m o muv?
| | |  EERy
2 | nonperturbative matching perturbative matching
LU= (long—range quarkonium) | (short—range quarkonium) Ultrasoft
(binding energy|
pNRQCD
On (1, M) O,) ~ E¥
Lopn = E o i o
Bl Cn( A/ ,LL)

Ep

n



Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)
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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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pNRQCD for quarkonia with small radius  r <« Agy,

Degrees of freedom that scale like mv are integrated out:

—> >‘< x V(ur)

NRQCD oNRQCD

o If mv > Aqcp, the matching is perturbative

e Degrees of freedom: quarks and gluons

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

Gluons with energy and momentum ~ Agcp, mv?

.. . 1 1 1
e Definite power counting: r ~ — and t, R ~ :
mu mv? Agcep

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

Non-analytic behaviour in » — matching coefficients V'
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weak pPNRQCD < Agep
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weak pNRQCD < Agep
Singlet static potential

ﬁz—lFa’ FFY e 4 Tr ST (40 _p_2 S
4 B 0 m LO in r

+ O (z’DO — %2 — o}
Octet static potential

At leading order in r, the singlet S satisfies the QCD Schrbdinger equation.

S singlet field singlet propagator
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weak pNRQCD < Agep
Singlet static potential

1 a v a T - p2
L=—"F%Fa 4 TrsT (i) — — S
4 m

2
1 of (iDo—p—— o}
mm

Octet static potential

LO in r

At leading order in r, the singlet S satisfies the QCD Schrbdinger equation.

» The (weak coupling) static potential is the Coulomb potential:

L Qs .1 oas B 4
\:'I‘/)——CFT—*-“.’ \,.,l‘l,'_ﬁT-{—..., N—3, CF—§
S singlet field singlet propagator
O octet field octet propagator

Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-
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Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-
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m
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Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-

LO in r

NLO in r



weak pPNRQCD 7 < Agep
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» Feynman rules:
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C
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Applications to Quarkonium physics: for references see the QWG doc
systems with small radius arXiv:1010.5827

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

B. mass at NNLO: Penin et al 04

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

Quarkonium 1P fine splittings at NLO;

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

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

Y(1S) — ym, J/v — yne at NNLO;

tt cross section at NNLL;

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

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

B(J/Yy — vme(lS)) = (1.6 £ 1'1)% N. B. Yu Jia A. Vairo 2005

B(Y(18) — yms(15)) = (2.85 £ 0.30) x 10~

F(nb(lS) — vv) = 0.54 £ 0.15 keV .
Y. Kiyo, A. Pineda, A. Signer 2010
['(ny(1S) — LH) = 7-16 MeV


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

QQbar singlet static energy at NA3LI iIn comparison with unguenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoy, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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QQbar singlet static energy at NA3LI iIn comparison with unguenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoy, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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QQbar singlet static energy at NA3LI iIn comparison with unguenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoy, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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QQbar singlet static energy at NA3LI iIn comparison with unguenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoy, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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QQbar singlet static energy at NA3LI in comparison with unguenched
(n_f=2+1) lattice data (red points,blue points)
Bazanoy, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014

—0.5!
“o
S -10
o :
b L
g -1.5
3 |

I
Dy
o

|
12
n

0.0

I J I ! I

r/rg

----- -
-------- (f(‘.’
______ »
-------- 1 &- ]
e e il
———— ” : —-—-—-—
oy - - --
. 2 -
et -~ = e
'ﬂ‘ ’/ ’_f'
® . = -
AT e e T :
) 155 oop
” ek /"
-
// ,’4
” - -
s’ -~
P > ,’ el
7 g ”
Vs ,’
e
.. N
// '/
Tree Y 44
. & ]
leveL' 9./
’, .
' A
l'/ '/
’ /0/
4 4
Y /4
:'// |
4
| | | | | | | | | | | | | | | | | | | | |



QQbar singlet static energy at NA3LlI in comparison with unguenched
(n_f=2+1) lattice data (red points,blue points)

Bazanoy, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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The fit gives The lattice scale is 1 = 0.3106 £ 0.0017 fm.

r1Age = 049570028 which converts o Age = 315715 MeV

Bazavov Brambilla Garcia Petreczky Soto Vairo

TUMQCD coll. 2014
as(1.5 GeV,ny = 3) = 0'336t8:8(1)§

which corresponds to
2(Mz,ny = 5) = 0116625 otfe



The fit gives The lattice scale is 1 = 0.3106 £ 0.0017 fm.

r1Age = 049570028 which converts o Age = 315715 MeV

Bazavov Brambilla Garcia Petreczky Soto Vairo

TUMQCD coll. 2014
as(1.5 GeV,ny = 3) = 0_3364_-8:8(1)3

which corresponds to
2(Mz,ny = 5) = 0116625 otfe

| T decay, Botito ef al., arXiv:1410.3528
- charmonium correlator, HPQCD, arXiv:1408 4169
A charmonium correlator, HPQCD, arXiv:1004 4285
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strongly coupled pNRQCD 7 ~ Agep mv ~ Agep

2
eintegrate out all scales above TIHU

e gluonic excitations develop a gap AQCD
: and are integrated out

1 = The singlet quarkonium field S of energy mu?
is the only the degree of freedom of pNRQCD

quenched —=—

ReGiBB, s (up to ultrasoft light quarks, e.g. pions).
R T
r/rg ¢ p2 3\
L=Tr<S' |10, Vol Sy
\ m /

s A potential description.emerges.from-the EF T, = oo = f o 2o

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

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



The matching condition is:




The matching condition is:
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and from this we obtain the

Quarkonium singlet static potential
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Quarkonium singlet static potential
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-factorization: the NRQCD matching coefficients encode the
physics at the large scale m, the potentials are given in tferms of

low energy nonperturbative Wilson loops
power counting; QM divergences absorbed NRQCD matching

coefficients



EFTs (plus lattice) give a QCD description of quarkonium below
threshold
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The issue here iy precision physics and the study of confinemens



EFTs (plus lattice) give a QCD description of quarkonium below
threshold

The issue here iy precision physics and the study of confinemens

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

maQog qu =2 QAQC'D

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

the hight quark quantum numbers may appear

No systematic treatment is yet available; also lattice
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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> Torngvist PRL 67 (91) 556
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£ )

choosing one of these degrees of freedom and an
interaction originates a model for exotics.




Start considering the simplified case of heavy quark, heavy
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Quarkonium Hybrid system scales
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Start considering the simplified case of heavy quark, heavy

antiquark plus glue

Quarkonium Hybrid system scales

b)
Eheavy~Mw~ Elight~AQcp

' r~1/Mw .

Vr-'MW

~1/AQcD

Characteristic Scales

» Heavy-quarks are non-relativistic mg > AqQcp.

» Two components with very different dynamical time scales Aqcp > mow?.

+ Excited gluonic state Aqgcp.
+ Heavy-quark binding me2 (w < 1 relative velocity).

+ Adiabatic expansion (Born-Oppenheimer approximation in atomic physics). Griffiths,

Michael, Rakow 1983; Juge, Kuti, Mormingstar 1998; Braaten, Langmack, Smith 2014; Meyer, Swanson 2015...



Start considering the simplified case of heavy quark, heavy
antiquark plus glue

Quarkonium Hybrid system scales

n
Eheavy-Mw~ Elight~AQcp

' r~1/Mw .

Vr‘-MW

~1/AQCD

Short distance regime

» Small Heavy-quark-antiquark distance r ~ 1/(mw) < 1/AqQcp.

» Factorization of perturbative and nonperturbative physics.

Heavy Hybrids EFT

» Use the hierarchy of scales to describe the system.
* Integrate out mg modes: NRQCD Caswell, Lepage 1986; Bodwin, Braaten and Lepage 1995
+ Integrate out mgow ~ 1/r modes: (weakly-coupled) pNRQCD Pineda. Soto 1998: Brambilla,

Pineda, Soto, Vairo 2000
* Integrate out AQCD: HYbl’ld EFT Berwein, Brambilla, JTC, Vairo 2015;: Brambilla, Krein, JTC, Vairo 2017

see also Oncala, Soto 2017
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Heavy-quark heavy antiquark plus glue

Define the symmetries of the system and the system static
energles in NROQCD

Static

Lattice energies
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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/ ...



Heavy-quark heavy antiquark plus glue

. static .
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Eg 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
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Quenched and unquenched calculations for Zg
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breaking distance.
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PNRQCD gives the multiplets at short distance:gluelumps

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O%, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R,r,1).
In the limit » — 0 more symmetry: D, ., — O(3) x C

» Several f\g representations contained in one JFC representation:

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

Gluonic excitation operators up to dim 3

Ag KFPC Ha

Y B v b r-B.r-(D xE)

| PR s e rxB,rx (D xE)

Z;’ ! b r-E,r- (D x B)

Mg f bt rx E,rx (D xB)

B! bl (r-D)(r-B)

[sor 200 rx ((r-D)B +D(r-B)) ‘
A, | 27— | (r x D) (r x BY 4 (r x DY(r x B)'
> Tl k] (7. B (r-D)(r-E)

[, | 27 r x ((r- D)E +D(r - E))

A, | 2t | (r x D)/(r x EY + (r x D)Y(r % E)’

Brambilla Pineda Soto Vairo 00

0 0.5 1 1.5 2 2.5 | .
The gluelump multiplets >, , 11,,; 277, I1g; >, 11, A, 35, 11, A, are

degenerate.



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

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O¢, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R,r,1).
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Match to pPNRQCD: one can determine the form of the potential

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O¢, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R,r,1).

H H

i T T
Eg = Vo 4+ — In{H*( )2 b~

I T _
(H® {E]f.--:?;’!b{— )P~ o iTA g2

Ep(r)=Vo(r)+Ag +by, 1

octzgt. glue‘hﬁp correction softly
. . . , ' ' potential Mass  preaking the symm




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

FEgy(r)=Vo(r)+ Ag + brr?



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

FEgy(r)=Vo(r)+ Ag + brr?

» |t is a non-perturbative quantity.

» It depends on the particular operator H?, 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 a1/ 1900. Bali, Pineda
2004; Marsh Lewis 2014

» At the subtraction scale v =1 GeV: /\ff_ = 0.87(15) GeV.



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

FEgy(r)=Vo(r)+ Ag + brr?

» |t is a non-perturbative quantity.

» |t depends on the particular operator H2, 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 a1/ 1900. Bali, Pineda
2004; Marsh Lewis 2014

» At the subtraction scale vy =1 GeV: /\ff_ = 0.87(15) GeV.
by

» It is a non-perturbative quantity.

' I vgl lg T i! u‘\-@‘ ;.
H E E H H k£ E H

» Proportional to r? 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.



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

EH(T) = VO(T‘) + Ag + bHTQ
An

» It is a non-perturbative quantity.

» It depends on the particular operator H?, 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. roster et 2 1900 Bali, Pineds

2004: Marsh Lewis 2014

» At the subtraction scale vy = 1 GeV: /\ff_ = 0.87(15) GeV.
by

» |t is a non-perturbative quantity.

> 9
sz@ 2, N*‘f{\f

&»,. e + Bl ,'{,«;.
H .f'-.‘ H H FE £ H

» Proportional to r? 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.

Octet potential at two loops; renormalon subtraction realised
among pole mass, octet potential and gluelump mass, use RS
scheme



State multiplets

We consider hybrids that are excitations of the lowest lying static energies 11,, and >
Inthe » — 0 limit IT,, and *2,, are degenerate and correspond to a gluonic operator with
quantum numbers 17 .



State multiplets

We consider hybrids that are excitations of the lowest lying static energies 11,, and >, .
Inthe » — 0 limit IT,, and *2,, are degenerate and correspond to a gluonic operator with
quantum numbers 17 .

States are organized in spin multiplets.

| | JPFC{s=0,s=1} | EY
Hy | 1| {17,(0,1,2)~t} | =7, I,
Hy | 1 | {177,(0,1,2)T"} ]
Hs | 0 {ot+,1+} Sa
Hy | 2 | {2+1,(1,2,3)t—} | =7, I,
Hs | 2 | {27.(1,2,3)" 1} M,

Braaten PRL 111 (2013) 162003
Braaten Langmack Smith PRD 90 (2014) 014044



'Berwein Brambilla Tarrus Vairo PRD 92 (2015) 114019 EH (,r) o VO (/r) _I_ AH _I_ bHT2

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:

1 . 1 i1 t2 2/i0FED By 0 Uy Uy
s 81'7' Or + B =
2ur? 20r2 N2 /10T I(I11) 0o E©)]|\¥n Ui

o

2nd solution

[ 1 arr26.,+l(l+1)

o 2pu7r2 2pur? 2 EI(IO)] e

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

[(I+ 1) is the eigenvalue of angular momentum L* = (LQQ + Lg)2

corresponding eigenvalues under charge conjugation: (—1)* and (—1)'*+s+1

Schrodinger equations can be solved numerically
(-] P = =

°
e the two solutions correspond to opposite parity states: (—1)! and (—1)"!
°
°

!

For [ = 0 the off-diagonal terms vanish, so the equations for ng ) and w(_]\lg)
decouple. There exists only one parity state, and its radial wave function is given

by a Schrodinger equation with the E(ZO) potential and an angular part 2/mr2.



.IBerwein Brambilla Tarrus Vairo PRD 92 (2015) 114019 EH (/r) o VO (T) —|— AH —I_ bHT2

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.

[_ 1, ! (l(l+1)+2 2,/1(‘l+1))+(Eg’) 0 )] (1/)2)___8(1/12)

2ur? 2ur? \ 2,/1(1 + 1) Il(l+1) 0 Eg)) Y I

v

2nd solution

[ 1 arr26r+l(l+1)

o 2pu7r2 2pur? 2 Eg))] e

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

[(I+ 1) is the eigenvalue of angular momentum L* = (LQQ + Lg)2

corresponding eigenvalues under charge conjugation: (—1)* and (—1)'*+s+1

0
e the two solutions correspond to opposite parity states: (—1)! and (—1)"!
°
@ Schrodinger equations can be solved numerically

= P = =

!

For [ = 0 the off-diagonal terms vanish, so the equations for ngv ) and w(_]\l;)
decouple. There exists only one parity state, and its radial wave function is given

by a Schrodinger equation with the Eg)) potential and an angular part 2/mr2.
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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
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e e e parity states in BO
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(2015) 114019

o Berwein Brambilla Tarrus Vairo PRD 92
data without mixing (dashed) from Braaten et al PRD 90 (2014) 114044




Charmonium states (BELLE, CDF, BESIII, BABAR):

Mass{GeV)
“: [ gpsa] ==
b ”l
N,
al
N =T rery [=esie e
. e =] "
a2k e ] _—
' == L]
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S USRS DyDy Theshold
35l _
e DD Threshodd
36l
el
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Y(EOO8)17] Y 2201771 Y6001 Y(dNO)I?”I X(4160)77"] X(4350)¥2°°] X@E360)[177]  X(46304177) Y(4660)[1 )

Note: only Y (4220) — h.(1P)m"m~ does not violate Heavy Quark Spin Symn

Sottomonium states: Y3 (10890)[1~~ ], My, = (10.8884 + 3.0) GeV (BELLE).
Possible H1 candidate, Mg, = (10.79 = 0.15) GeV.

rwein Brambilla Tarrus Vairo PRD 92 (2015) 1140169



Charmonium hybrid states vs direct lattice data

Mass(GeV)
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Introducing the spin of the quark

Up to now we have worked at the leading order, now we want to include
the correction coming from the quark spin

We calculate the spin dependent potentials matching NRQCD
and pNRQCD: we get a purely perturbative contribution in the
form of spin dependent octet potential integrating out
mv and then we get nonperturbative correlators depending
only on glue when integrating out Lambda_QCD.

the nonperturbative correlators should be calculated
on the lattice or in QCD vacuum models

we fix them on lattice data of charmonium—> we can then
predict hybrids spin multiplet for bottomonium (in progress)

N.B, Wk Lai, J. Segovia, J. Tarrus, A. Vairo 2017 , in preparation



Hybrid EFT and Spin-dependent operators

v
LBO_/d3Rd3 ZZ‘U NS R){'at Vi (r) + P M'p"i)\,} e (6, r, R) ...

K AAN
The potential V) / can be organized into an expansion in 1/m and spin-dependent
and independent parts

vO. () v? ,(r)
Vi (r) = VQ(r)dan + ""\,’7\7 + AN

1
Vo (1) = Vo sp(0) + Vil (1)
v‘”,\,(r) Vo so(r) + Ve si(1)
VI op(r) = Vask(r) (PIXKYPI,) - S
1ax sp\f) = V15K DA REPY ,
2 I
1()‘))\/ SD(r) Vl LSa(r) (P LQQPI)\I) S+ Vl LSbPD‘(f) ( SJ —+ S’ Lj ) P{)\’

+ V] sz(r)s I + Vi Slga(r)5125>\/\’ + Vi 512b(r)P1A 1)/ (5'1512 ™ 5:2511)

m?2

: : : : 1
At the pNRQCD level a basis of hybrid states is defined as ho(R) = = (E°E® — B?B?)

|k, A) = P,{;AOaT (r,R) Gfiea(R)l()) Ak is the gluelump mass

The hybrid EFT is formulated for the subspace spanned by
G2 are a basis of color-octet eigenstates of hg(R)

/ LR I ¥l ) ho(R)G2 (R)|0) = AxG2(R)[0)
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Hyi T ' dependent operators

Leo = f FRArY N (e R){:O, Vonr(r) + PP M ,d,}w,‘x(t r.R)..

s AN

The potential V,_, s can be organized into an expansion in 1/m and spin-dependent
and independent parts

V(l) ’
vV vy

Vaaar (r) = Vixx so(') +

v@ (r) =

VL o (r) = Visk(r) (P

V2, o(r) = Viss(r) (Pl LogPiy

o

xAN S

2 2
(A)A' sp(r) + V(A)N s

K{Piy)

-
o
F 4
-
-
W

w

The static potential can be matched to the lattice static energies.
he spectrum for K= 1"’— in thls framework was obtalned in Berwein, Brambilla, JTC, Vairo 2015
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Hybnd EFT and Spm-dependent opertors o

Lm:/daRdgr ZZW* (z, r, R){:O: V,dy(r)-l-P' A; o\ }W,;x(t, r,R)..

AN

The potential Vaas can be organized into an expansion in 1/m and spin-dependent
and independent parts

V(su'(' ) V(.:Jw (r) +

V(1) = VS (e + - p
VA () = VO so(n) + VL g(0),

g’x'(' ) = V(.ow sp(r) + V(.dw s:(' )

VL () {Vask(r) (PLKIPL,, ) - S
V2, (1) = Visir) (Pl LogPlas) S

+ Vy 2(r)S8xr + Vi 5155(r)S1295 17 VlSnb(')pd 5'5’ + 555

New operators not present in standard Quarkonium.




Matching of the i- . 1-

Matching diagrams in position space:

e N T R ST

Vost + Vo2 + Vo 5. Vel + Vals + V& + Vils

» The perturbative part i1s given by the octet quark-antiquark

Visk = Vsn& . spin-dependent potential
Vista= Vg, + Vot . Ca\ [ a.(v)
Visib = Vg, Vous()= (CF - T) (7 N CF) r3
4
Visz = Vg + Vos. V, s2(r)= [—} (cr - C;) cras(v) + Tr ((*So) — f( s,))] 5 (r)

Vispa = Vos,. v iy Ca\ as(v)
Visps = Vghy - osn(r)= ( F - ‘2‘) rpe




Matching of the Spin-dependent operators for Kk = 17~

Matching diagrams in position space:

__@m&&

Vost + Vos2 + Vo5, Vala + Vals + VT + Vil
_ wnp bmnmnubaﬁveputisgiminumsofduonmlmsﬁ
Visk = Vsk N
Vlﬂa=vg,+voSLa V§=2q.-ug
Visis = VI, Vi -2 e (T +"§;,"6;)
Vie=VE+ V5. e (e N A
np - r [

Vispa=Vos,, . Vsie= "5 u‘.""“‘(”z"‘L SN2 Ug”)
Vispb = Ve, - N2 —1

: T/2
Ug = lim —— o f dt [(016"(7/2) - (gBaas(r) x G(~T/2))I0}] ,
-T/2

iA T/2 r
U +4T5 = im SN [T a [ wioet(r/2) 5B 068 - T/2)0),
2 Jorp
AT T/2 T
Wy, + 2= im S [ a [ aict (/) (680 5B (NE(-T/2) 00,
Fd v Jop

. T/2 T
U ol - i L / o / 6t (O1(G1(T/2) - 8Baay(1))(8Bass(t') - G(— T/2)I0)
ST, + 208 = tim L / / d (016" (7/2) - ((eBass(r) - £Bats(£))G(~T/2)) 10},

» U2, and U2, are defined by replacing B for E.
» The gluon correlators U are independent of r and the heavy quark flavor.




Charmonium hybrids

» The contributions of the spin-dependent operators are computed in standard QM
perturbation theory.

» The value of the gluon correlators is fitted to reproduce the lattice spectrum of
Liu et al 2012.
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Charmonium hybrids
» The contributions of the spin-dependent operators are computed in standard QM

perturbation theory.

» The value of the gluon correlators is fitted to reproduce the lattice spectrum of
Liu et al 2012.
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| Bottomoniu ybrid

» Extrapolation of the spin-splittings in the bottomonium sector.

e




The Born-Oppenheimer approximation in effective fleld theory language

we can consider
more general
eigenstates of the
octet sector the
PNRQCD hamiltonian

Nora Brambilla®
Physik-Department, Technische Universitdt Minchen,
James-Franck-Str. 1, 85748 Garching, Germany and
Institute for Advanced Study, Technische Universitdt Miinchen,
Lichtenbergstrasse 2a, 85748 Carching, Germany

Gastio Krein'
Instituto de Fisica Tedrica, Universidade Fstadual Paulista
Rua Dr. Bento Teobaldo Ferraz, 271 - Bloco II, 01140-070 Sdo Paulo, SP, Brazil

Jaume Tarris Castella’ and Antonio Vairo®
Physik-Department, Technische Universitit Minchen,
James-Franck-Str. 1, 85748 Garching, Germany

k) = 0*' (r, R) G5, (R)|US),

v = {771}

light flavour project on fd3rd3R2|n)\I'.-K(t, r, R).

obtain i
Lgo = f BREr Y U _(t, v, R)[(i0, — hy - Ay) 67 -;Pg,\b&\p Pi 4.0, (t, , R),

gives origin to a coupled Schroedinger equation

10¢ xA(t r. R) [( +V(r)+A +b,‘xr )‘SA,\' —ZC")‘A'] \I’K,\p(t, r, R)
Al

that can describe “tetraquarks”™ —> needs lattice calculations of tetraquarks static
energies

coefficients C in calculation for any J wm. Berwein, N. Brambilla, Wk Lai, A. Vairo



Conclusions

Quarkonium is a golden system to study strong interactions

For states below threshold non relativistic EF Ts provide a systematic tool
to investigate a wide range of observables in the realm of QCD and
quarkonium becomes a

NREFT 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

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.



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

@ breaking of degeneracy between opposite parity states

We have included spin in the structure:
—could interpret the lattice result

—make independent predictions for the bottomonium sector

Same approach can be used to include light quarks: *

This approach holds the promise to be able to explain all exotics (including
pentaquark) from QCD

Input from the lattice is needed: more precise calculations of the
gluelump masses, static energies for the hybrids and the tetra quarks,
correlators of gluons fields..

Exotics may be generated also by QCD van der Waals forces: for example
eta_b-eta b bound states?






X (3872): interpretations ’ 0 4-quark state with J©'¢ = 17+



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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(1) (r) V( . (r)

Veax(r) = V.3 (r)aan 4+ 4

e (3 with Lgq the heavy quark angular momentum, § —
1 1 1 ' S+ 8y, Sy = 3(oy - fo)(02 - Fo) — o1 - o3 and K,
( ) (r) :SA)A'SD(") + .;(A)Aosj(")s (4 the msnlar momentum operator in the representation

Vak(r) = VS sp(r) + VA si(r) (5)
Viak so(r) = Vesk(r) (P KY P,{,‘.) s, (6)
Vak sp(r) = Ve Lsa(r) (P',,;quP‘d.) -8
+VerssP (LipgS? + ST ) P,

+ Vi 52(r)8%83 + Vg 5,0a(7) S120x0
+ Vass(r) P P, (sisg + s;sﬂ)

P{A read as ' 

(8) % Vsk = V3P, (11)
(0 = id*) V2. ® Vsia = Vsta + Vost(r), (12)
. 0 Vsis = Vsls (13)
’: Vez = V;:’ + Vos2(r), (14)
# = (sin(f) cos(@), sin(f) sin(¢) , cos(8))” , Vsiaa = Vosi (7). (15)
6=(co-(0)oos(¢). cos() sin(6) , —sin(9))T Vsiab = V- (16)

¢ = (—sin(¢), cos(4),0)", (10)

andthespinopemtor'n(j’('l).= oL




