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Motivation

Renaissance in excited charmonium spectroscopy
BABAR, Belle, BES, CLEO-c, ...

Upcoming experimental efforts (charmonium and light mesons)

GlueX (JLab), BESIII, PANDA, ...

Exotics (JP¢=1-%,2+-,..)? — can’tjustbeaqq pair

e.g. hybrids, multi-mesons

Quark-antiquark pair: 25+1 L,

Parity: P=(-1)L1
Charge Conj Sym: C = (-1)&+)

JPC=0"*,0%*, 1, 1+*, 1% ,2,2%+, 2% ...



Motivation

Renaissance in excited charmonium spectroscopy
BABAR, Belle, BES, CLEO-c, ...

Upcoming experimental efforts (charmonium and light mesons)

GlueX (JLab), BESIII, PANDA, ...

Exotics (JP¢=1-%,2+-,..)? — can’tjustbeaqq pair

e.g. hybrids, multi-mesons
Photoproduction at GlueX (JLab 12 GeV upgrade)

Use Lattice QCD to extract excited spectrum...

... and photocouplings (tested in charmonium)




QCD on a Lattice

Discretise on a grid (spacing = a) — regulator

Finite volume = finite no. of d.o.f.

Quarks fields on lattice sites ¥ (x) — Yy

Gauge fieldsonlinks A, (z) — Uz, = e~ Az,

/) b S 7_7U
Path integral formulation /prwDUf(w, P, U)e [, ¢,U]

Euclidean time:t 2> it /DIbDlZDUf(mp, Y, U)e_g[@/’v&vU]

Do fermion integral analytically then use importance sampling Monte Carlo









|Isovector spectra

* Dynamical (unquenched) calculation
* Anisotropic — finer in temporal dir (a./a, = 3.5), a,~0.12 fm

* Two volumes: 163, 203 (L, = 2.0, 2.4 fm)

Lattice details in: PR D78 054501, PR D79 034502

e Only connected diagrams — Isovectors (I=1) and kaons

* As an example: three degenerate ‘light” quarks (N;=3, M_~ 700 MeV)

* Also (N;=2+1) M_=~ 520, 440, 400 MeV SU(3) sym

Method details and results: PRL 103 262001 (2009), PR D82 034508 (2010)



D + G-waves

First J =4 mesons in LQCD

O+ 1 FH ottt gt gt |

N; = 3 isovectors 16° (~2 fm)




Lower pion masses
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Exotics summary

In range accessible to GlueX

previous
studies

* Anisotropic lattices (small a,)
* Large basis of ops |

) dynamica
* High statistics 'y
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Multi-particle states?
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— discrete allowed
momenta

- discrete
spectrum of
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Expect two-meson
states above 2m_

2m_~0.85 mg

Where are they?




Multi-particle states

Euclidean time: can’t directly study dynamical properties like widths

Lischer: energy shifts in finite volume = phase shift

27

Free 2-particle levels Measured levels p= L—(n:c, Ny, N2 )
&

Extract phase shift
at discrete E
— Luscher method

AE(Ls) — 6(E, L)
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Operators

TTTT 1ISOSpIn-2

+ similar diagrams

Onn = Y (Qp) Ox(p) Ox(—p)
25
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TTTT 1ISOSpIn-2

arXiv:1011.6352
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nr 1=2 phase shift
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nr 1=2 phase shift
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Charmonium radiative transitions

Below DD threshold radiative
transitions have significant BRs

Meson — Photon coupling

E1,M2,E3

W Exotic 1+?

Y

0" gt vt g < m/ [P (t)yFap(t)|m >
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Photocouplings

Charmonium (quenched) — testing method

Cyj(ts,t,t;) =< 0|0;(ts) P(E)yH(t) O;(t;)|0 >

Conventional vector — pseudoscalar transition

0 CLEO 08

['~0.4 keV

Magnetic dipole (M,) transition — suppressed

PR D79 094504 (2009) (in quark model spin flip ~ 1/m)
20



Photocouplings

Yoo =N Y Much larger than other
1--=> 0°* M, transitions

F(Y — ney) = 42(18) keV | ® #

F(J/% — ney) ~ 2 keV.

Spectrum analysis
suggests a vector hybrid
(spin-singlet)

c.f. flux tube model
4 Q?/GeV 30-60 keV

* Usually M; = spin flip (e.g. 35,2 1S,) = 1/m_suppression
* Spin-singlet hybrid = extra gluonic degrees of freedom
—> M, transition without spin flip = not suppressed
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Exotic meson photocoupling

N, —=Jyy Same scale as many

M (1. — J/lb’Y) — 115(16) keV measurec?l convent'i(?nal
charmonium transitions

% BUT very large for an
M, transition

F(J/¢ — ney) ~ 2 keV

Suggests a spin-triplet
hybrid

* Usually M, = spin flip (e.g. 35,2 1S,) = 1/m_suppression
* Spin-triplet hybrid = extra gluonic degrees of freedom
—> M, transition without spin flip = not suppressed
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Summary and Outlook

Summary

Technology and method work; spin identification is possible
First spin 4 meson extracted and confidently identified on lattice
Isovectors and kaons: exotics and non-exotic hybrids

Our first results on scattering — map out E-dependent phase shift
Photocouplings of excited charmonia

Outlook — ongoing work

Disconnected diagrams — isoscalars and multi-mesons (1=0,1)
Multi-meson operators — map out resonances
Baryons

Photocouplings

.geff;?son Lab

Lighter pion masses and larger volumes
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