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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: 25+1LJ

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

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






























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)
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Irrep(s) |A, T, T,+E T, +T,+A, A +T, +T,+E
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Spin and operator construction

he continuum limit

(up to 3 derivs)

. I J,M ~J,M
‘Subduce’ operat (.S 8 I ZS/\,)\ O
| M

___________________________________ : s in AP channel
bntinuum op =2
in each A

(ignoring lattice mixing)
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N = 3 isovectors
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U*Jr
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O*Jr
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N = 3 isovectors

First ] =4 mesons in LQCD

Tt

O+ 1t ot+gttyt+ g+ |

163 (~2 fm)




AT T7 T I, BT Ay

J_-

/Z values

24



/Z values

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

J = continuum spin of op

Ly
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Z values

lo\17, My = s3A 25

J = continuum spin of op
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Z values

lo\17, My = s3A 25

J = continuum spin of op

‘ Normalised T, Z’s I
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Z values
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lo\17, My = s3A 25

il \ector Hybrid?

J = continuum spin of op

LU

0.612(1) 1.113(7) 1.188(4 396 1.560(7) 1.584(12) 1.620(12)1.648(2

:Al__ Ty 15, E Ay~

J- This operator ~ [D;, D]




Z values

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

J = continuum spin of op

Normalised T, Z’s

Il

0.612(1) 1.113(7) 1.188(4) ( 584(12)f1.620(12 f1.648(2

A I7T - Ty, - B0 Ay

J- This operator ~ [D;, D]
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Z values

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

J = continuum spin of op

‘ | Normalised T, Z’s

0.612(1) 1.113(7) 1.188(4 (12)01.620(12 |1.648(2

A I7T - Ty, - B0 Ay

J- This operator ~ [D;, D]
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/ values — spin 2

J J.M
lo\, My = 53 ZWs

Given continuum op =2
same Z for each subduced irrep

[ |mmr, /ma = 1.201(4) Omry, /ma = 1.554(25)
[ | mE/mgg = 1190(4) O mE/mQ = 1577(21)
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/ values —spin 3

J J,M
lo\, My = 53 ZWs

Given continuum op =2
same Z for each subduced irrep

B ma,/mq =1210(5) O ma,/mq = 1.626(16)
mr, /mq = 1.207(5) mrp, /ma = 1.648(23)

B mp, /mo =1.204(4) O mp,/ma = 1.626(8)
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/ values — spin 4

J, M
<0|<9M|J’ M) =Sy zYs; 5

Given continuum op =2
same Z for each subduced irrep

[ | @ma, /mq = 1.603(26)
mr, /mq = 1.620(12)
B myp, /mq = 1.576(16)
B mg/mq = 1.565(25)
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First ] =4 mesons in LQCD

: 1t= ottty 3+—j
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N; = 3 isovectors
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N; = 3 isovectors

First ] =4 mesons in LQCD
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D + G-waves

N; = 3 isovectors

First ] =4 mesons in LQCD
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D + G-waves

First ] =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
[
|




48






163
Lower t M_~ 400 MeV
M, /M_~ 1.4
M./ M c.f. physical

v/ M ~ AR - Y

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

br a gen. of C-parity)

Suggest
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Kaons — Operator Overlaps

163 163
M_~ 520 MeV M_~ 400 MeV
Mg /M_=1.2 Mg /M_~ 1.4

T
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Kaons — Operator Overlaps

163 163
M_~ 520 MeV M_~ 400 MeV
Mg /M_=1.2 Mg /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

M_~ 400 MeV 440 MeV 520 MeV 700 MeV

0.1




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?

= '13
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Slh| Finite box — discrete
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allowed momenta
- discrete

spectrum of
multiparticle states




Multi-particle states?
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Finite box — discrete
allowed momenta
- discrete
spectrum of
multiparticle states

Expect two-meson
states above 2m_

2m_ ~ 0.85 mg,

Where are they?
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Charmonium radiative transitions

Below DD threshold radiative
transitions have significant BRs

E1,M2,E3
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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

['~0.4 keV

Magnetic dipole transition — suppressed

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

Yhyb?% r’c Y
T (Y — ney) = 42(18) kev | ° 7%

4 Q°/GeV

Much larger than other
1~ => 0* M, transitions

F(J/Y — ney) ~ 2 keV
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Photocouplings

c.f. flux tube model 30 — 60 keV

Yhyb?_> r’c Y
T (Y — ney) = 42(18) kev | ° 7%

4 Q°/GeV

Much larger than other
1~ => 0" M, transitions

F(J/Y — ney) ~ 2 keV

Spectrum analysis
suggests a vector hybrid
(spin-singlet)

Spin-singlet hybrid:
M, with no spin flip
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Photocouplings

Exotic meson photocoupling

N0 JIyy
M(ne1 — J/vy) = 115(16) keV

%
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Photocouplings

Exotic meson photocoupling

N, = Jyy
(ne1 — J/v¥y) = 115(16) keV

%

Same scale as many
measured conventional
charmonium transitions

BUT very large for an
M, transition

F(J/% — ney) ~ 2 keV

Suggests a spin-triplet
hybrid

Analogous to 1"~ hybrid
to pseudoscalar trans:
M, with no spin flip
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