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Motivation

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

Upcoming experimental efforts, also in the light meson sector

GlueX (JLab), BESIII, PANDA

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

e.g. hybrids, multi-mesons

Two spin-half fermions:

Parity: P= (1)t
Charge Conj Sym: C = (-1){*)

JFC=0*,0%*, 1, 1+*, 1+, 277, 2%+, 2°% .,
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Motivation

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

Upcoming experimental efforts, also in the light meson sector

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)

PR D77 034501 (2008), PR D79 094504 (2009)
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QCD on a Lattice

Discretise on a grid (spacing = a) — regulator

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

Quarks fields on lattice sites QL'(:C) — ¢x

Gauge fields on links A, (z) — Uz, = e~ @Az,

/s /s S 7_7U
Path integral formulation fD“vL’DwDUf(% ¥, U)e’ [%,%,U]

Euclidean time:t 2> it ]DIbD@ZDUf(w, Y, U)G—S’[w,vﬁ,U]

Do fermion integral analytically then use importance sampling Monte Carlo
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D + G-waves
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D + G-waves

First J =4 mesons in LQCD!

O+ 1 FH ottt gt gt |

N; = 3 isovectors 163 (~2 fm)




Lower pion masses
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Lower pion masses
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Exotics summary




Exotics summary

In range accessible to GlueX

previous
studies

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

) dynamical
* High statistics -

I
[
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16°
M. ~ 400 MeV
M /M_~ 1.4

| ‘ | | c.f. physical
My / M. " EiEEEENENNEAS s VI, /M =3.5

———————————————————————————————————————

br a gen. of C-parity)

Suggest
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Kaons — Operator Overlaps
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Kaons — Operator Overlaps

163 16°
M. ~ 520 MeV M. ~ 400 MeV
My /M_~ 1.2 M /M_~ 1.4
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M.~ 400 MeV
Mg /M_~ 1.4

e -
and;203 (2.4 fm
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Kaons — Various pion masses
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Kaons — Various pion masses

Is the physical axial kaon mixing angle
determination correct or too model dependent?

M.~ 400 MeV 440 MeV 520 MeV 700 MeV

0.1
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Multi-particle states?
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Expect two-meson
states above 2m_

2m_ ~ 0.85 m,,

Where are they?




Multi-particle states

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

Lischer: energy shifts in finite volume = phase shift

. L 27
Free 2-particle levels p=—(nz,ny,nz)
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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,nz)
L

Extract phase shift
at discrete E
— Lischer method

AE(Ls) — 6(E, L)
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TTTT ISOSpin 2

M, ~ 400 MeV

Onp = ZY[{\[(Qﬁ) O?T(ﬁ) O?T(_ﬁ)

Qy




Photocouplings

Charmonium (quenched) — testing method

Cyj(tg,t,t;) =< 0]0;(ts) D)V (L) O;(¢;)]0 >

PR D79 094504 (2009)
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Photocouplings

Charmonium (quenched) — testing method

Cyj(tg,t,t;) =< 0]0;(ts) D)V (L) O;(¢;)]0 >

Conventional vector — pseudoscalar transition

01 CLEO 08

I'~0.4 keV

Magnetic dipole transition — suppressed

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

Exotic meson photocoupling

N0 JIyy
M(ne1 — J/vy) = 115(16) keV

%

PR D79 094504 (2009)
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Exotic meson photocoupling

N, = Jyy
(ne1 — J/v¥y) = 115(16) keV

%

PR D79 094504 (2009)

Photocouplings

Same scale as many
measured conventional
charmonium transitions

BUT very large for an
M, transition

r(J/z/) — ney) ~ 2 keV

Suggests a spin-triplet
hybrid
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Spin on the lattice

On a lattice, 3D rotation group is broken to Octahedral Group

In continuum:

Infinite number of irreps: =0, 1, 2, 3, 4, ...

On lattice:

Finite number of irreps: A;, A,, T, T,, E  (and others for half-integer spin)

AlAleTZE
11332

Irrep(s) |A, T, T,+E T, +T,+A, A +T, +T,+E
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Spin on the lattice

On a lattice, 3D rotation group is broken to Octahedral Group

In continuum:

Infinite number of irreps: =0, 1, 2, 3, 4, ...

On lattice:

Finite number of irreps: A, A,, T, T,, E

A AT

dim 1 1 3 3 2
cont.spins | 0,4,6,... 3,6,7,... 1,34, .. 2,34, ... 2,45, ...

(and others for half-integer spin)
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Spin and operator construction

Construct operators which only overlap on to one spin in the continuum limit

©l07MJ" M'y = ZV5; 16y vy definite 7€

om0 1 23 4.

Irrep(s) T,+T,+A, A +T,+T,+E

‘Subduce’ operators on to lattice irreps (J 2 A):

J] / J,M [J] Given continuum op =

olofA 1, OAU p

0 | M) = o SrJ same Zin each A
(ignoring lattice mixing)
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Spin and operator construction

Construct operatc continuum limit

J.JONM M

‘Subduce’ operat

___________________________________
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AT T7 T I, BT Ay
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/Z values

J J.M
lo\17, My = s3A 25

J = continuum spin of op
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/Z values
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Z values

lo\17, My = s3A 25

J = continuum spin of op

‘ Normalised Z’s I
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il \ector Hybrid?
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Z values

J J,M
lo\17, My = s3A 25

J = continuum spin of op

Normalised Z’s

I gl
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Z values

J J.M
lo\17, My = s3A 25

J = continuum spin of op

| Normalised Z’s
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/ values — spin 2

J J,M
lo\, My = 53 ZWs

Given continuum op =2
same Z for each irrep subduced to
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N; = 3 isovectors
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