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Opaameter sO ofa lattice computation

@ discrtised charm & light quark actions
® various VarietieS\ﬂi”amQ’cloven Fermilab scheme, domain-wall, overlap, staggered, HISQ, ...)

@ lattice spacing (might be di#ringas,a) - a! 0 desied

@ cenain actions designed to speed thjgaach,
e.g.domain-wallérmions: X(a) = X(0) + 0(a?)

® current lowest~0.06fm - perform extrapolations

@® mass of light & strange qua®én the sea®, - m,! m¢M ~0 desied
® dynamical latticegurrent lowestm;~ 200 MeV
@ quenched lattices neglect these quarks altogether

© wolume of spatial lattice bgl® - L! < desied
@ sensitivity to this depends upon the states under study

@ inclusion of disconnected diagrams (OZI)
® usual just connected diagrams - @éfs pobabl small win
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whic h quantities can be computed?

@ OecasyO &proaching maturity:
® spectrum of states belw open charm degathreshold
® leptonic decy constants

@ relatielyOeasyO but grmecenty begun:
@ radiatie transitions betwen charmonium states
® two-photon decgs of charmonium states

® OhalO:
® hadonic decgs of charmonia
@ accurate determination of state masses abthreshold when thg can deca
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lightest bv e states

© hase been studied the most
© relatiwely easy to extract 10 O;" = Z

® use simple interpolatorso — @F¢ N

® can get masses and leptonic decanstants

10]O4N"I N[0 0" # m nt
2m n

© relatie ease of computation means carvaole effort to dealing with lattice
systematics

©® mary goups hae worked on this - no time to summarise them all
® a single ecent exampleshys.Rev.D75:054502,2007 (HPQCD & UKQCD)
® high¥y improved action
(small eftct in extrgolatinga! 0)
® bne dynamical lattice e | |

3.8 F

a~0.09fm .my ~ 250 MeV ll

® decy constant anghbis is underwa

. . .. 3.4
(C.Davies private communication)

Mass (Gev)
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higher spectrum

@ higher spectrumesults not at the same Vel of OminimisedO lattice systemati
© need larger set of interpolating Pelds (to get spin!2 and exotics)
® e.gderivatie based operators
191 |

— <—>
' Dy
1 DDy !
© recent study imuenchedattice QCD
® somevhat impioved Clover action

@ anisotopic lattice actiorus = 3a;

@ establish if sophisticated aysis method can extract uitiple excited states
from lattice corelators
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excited states

@ an example of the difpculty in aysib
@® the charmonium ector channel belew and close to theshold:

I
( 3770 near degstates (Ve
¢ » are tough to bt ¢ )
3686 3686
€Ven WOorse on
a cubic lattice
3097 3097
¢ ) ¢ )
1~ Tr~ = (1,3,4..) "
@ need a eliable excited state extraction pcedure
® variational method utilises therthogonality of states
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excited states

. Prst results ae promising arXiv:0707.4162v1 [hep-lat] 27 Jul 2007 JLABTHY-07-689

Charmonium excited state spectrum in lattice QCD

Jozef J. Dudek
__ Jefferson Laboratory MS 12H2, 12000 Jefferson Avenue, Newport News, VA 23606, USA and
Department of Physics, Old Dominion University, Norfolk, VA 23529, USA*

Robert G. Edwards, Nilmani Mathur, and David G. Richards
— Jefferson Laboratory MS 12H2, 12000 Jefferson Avenue, Newport News, VA 23606, USA

- quenched aniso clover results -

3H770 i — T — —
p > 3750 I~ I -
3686 B spin-1 _
- spin-2 -
e ) - - spin-3 |
3097 3000
Al T1 T2 E A2
al 0
. 0,4.. 1,3,4.. 2,3,4.. 2,4 .. 3.
(OI(¢ T Dy )1,1J) = Z3 &K3, dim=1 dim=3 dim=3 dim=2 dim=1

(Ol (v Dy Ve |J) = Zy aki

to my knowledge, the first time this has been seen “_"'
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[quenc hed & a ! O]

5500 g.m. S-waves —
+ 7] g.m. D-waves -
5250 g.m. G-waves —
r F this work b
5000 — - 5000 [~ — eXpt. (PDG) —
4750 — - 4750 |
4500 = L s Toeeeeeeeeeed 4500 17 e .
4250 — 7 4250
4000 — - 4000 |
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3750 - —— - 3750 —
3500 — - 3500 —
3250 — - 3250 |
3000 3000
Al T1 T2 E A2 0 1” 27 3" 4~
0,4.. 1,3,4.. 2,3,4.. 2,4 .. 3.
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[quenc hed & a ! O]

5500 — 7 5500 7 q.m. F-waves —
- 1 L g.m. P-waves
5250 — n 5250 — this work —
r - — expt. (PDG) A
5000 [~ 5000 |- -
4750 - 7 4750 —
4500 — ] ] b 4500 —
4250 — — 4250
4000 — 7 4000 -
3750 — = 3750 —
3500 [ m— - 3500 —— -
3250 = 3250 -
3000 3000
Al T1 T2 E A2 0++ l++ 2++ 3++ 4++

0,4.. 1,3,4.. 2,3,4.. 2,4.. 3.
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PC = +-

[quenc hed & a ! 0]

i exotic
5500 —exot’c =1 g.m. F-waves —
o g.m. P-waves -
5250 |~ - 5250 this work —
I~ . - — expt. (PDG) 1
5000 |~ - 5000 —
L 7 . L 4
oo W28 S sl ]
4250 = — 4250 - =
3750 |- - 3750 |- _
3500 — - 3500 |
3250 — - 3250 |
3000 3000
Al T1 T2 E A2 o" 1" 2" 3" 4"
0, 4 .. 1, 3, 4 ... 2, 3, 4 .. 2, 4 .. 3. exotic exotic exotic
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PC = -+

[quenc hed & a ! O] naie anaysis puts
states in lavest spin
exotic
DDLU - 5500 i g.m. S-waves |
r - [ g.m. D-waves
5250 — - 5250 g.m. G-waves |
B ) this work E
5000 — - 5000 — = expt. (PDG) —
4750 — 7 - 4750 — —
4500 — - 4500 |- -
L noops
000 L B 4000 1= ]
3750 [ — B 3750 - ' -
3500 - 3500 |~ —
3250 |~ - 3250 |~ —
3000 3000 “—=
Al T1 T2 E A2 0" 17 2" 3" 4"
0,4.. 1,3,4.. 2,3,4.. 2,4 .. 3. exotic exotic

other lattice studies claim a*lnear 4300 MeV
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PC = -+

[quenc hed & a ! O] equaly plausible to assign the lightest state
to be non-exotic 4*

exotic
o |

DDLU - 5500 g.m. S-waves |

I ) 7] g.m. D-waves
5250 — - 5250 g.m. G-waves |

I i this work B
5000 — - 5000 [~ — expt. (PDG) —
Ao 2 - 4750 |- ]
4500 — _ _ 4500 b

722

4250 — - 4250

- noops
4000 |- - 4000 |- _

L —

| ] ) 3750 |
3500 — - 3500 N
3250 - 3250 - |
3000 3000 —=

Al n T2 E A2 0" 1" 2 3" 4
0,4.. 1,3,4.. 2,3,4 .. 2,4 .. 3. exotic exotic

then the exotic 1* is heaier (>4600 MeV)
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radiatl ve tr ansitions

@ realphoton transitions Q?=0) DD VAED)
VI e N
® lattice method will y_ield tgansition ‘x”% .
form-factors (at nultiple Q¢) _ o e, ——
@ will extrapolate back toQ?=0

(Ceo 3415)CE1 M2

PHYSICAL REVIEW D 73, 074507 (2006) M1' {’
Radiative transitions in charmonium from lattice QCD E1l
_ _ E1,M2,E3
Jozef J. Dudek,* Robert G. Edwards, and David G. Richards E1
Jefferson Laboratory Mail-Stop 12H2, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
(Received 17 January 2006; published 20 April 2006)
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radiatl ve tr ansitions

© extract from three-point functions iwlving the ector curent
D(te,t5,0) = » e P e T Loy (2,45 )* (4, 1)(0,0)"
Xy
e B =Dl L (0)]f ()
o " fa (D)5 (0) lim (b + b)%
x(im (p+ )] (0)]0)e’ =i

@ overlaps and energies comeofm the spectrum angsis (two-point functions)

® matrix element elated to the decawidth

SO i@y = 2

2
Q) $77pps%, (b, 1)

mnc+m¢

a4 640
. _ V(0
= ey) = Cem a2 a7 ()|"_*"
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JIV"# < $ transition

@ statisticalyf most pecise channdhut very sensitie to the hyperbne splitting which
IS not correct on this quenched latticé nia." 80 MeV, " mexpt." 117 MeV)

| [ l l -+ '
0.5 | ig =
i ﬁ ".MJ_ -
0.75 - A B
hase spa 3 i 5 |
phase space ( |q[’) eE i
physical ........................... » [ ‘IE& ’
1.25 — 1 o temp.p,=(100) n ., | 7]
lattice ........... 6 B - o o pm L e

........... : >....-;5 . f o Spat Ps= (000) Ne snk.

L spat. p, = (100) Mg onk. )
1.75 E o spat. p,=(000) JApg, | |
! (' N n C#) - >, —t Q2 Spat pf (100) J/ﬂlsnk |
|Q| 2 I 2\ — 161 2|l * C.Ball phys. mass i
I (m| +m- c)2 27|p(0)| B V(Q ) T V(O)e - “ C.Ball lat. mass —
251 | | | I I |
0 1 2 3 4 5 6

@® the Crystal Ball experimental value needs con%fma lon
all efes turn to Matt Shephef & Ryan Mitchell at CLEO win
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%0" J/! $ E1 tr ansition

'0.05 I 1 I I I I I I I 1 l 1 I
E, m spat. p,=(000) JAp_, | |
not used 0.1} % PDG spat. P = (100) Mgn | _
nthe fir Z..____)M% CLEO o spat. p,=(000) X, <

- aﬂr‘f spat. p, = (100) %y o | -
0.15 N * PDG phys. mass B

e #*  PDGQG lat. mass
— . * CLEO phys. mass -

(\Q i # CLEO lat. mass
<y 02 L = -
o i ;ij ? :
0.25 5 - T T 5
_ i 1 | _
0.3 ! ] 2 R
2 Q> —T1RA32
L E1(Q7) = E1(0) 1+ % e 160 :
i i 1 i I i i i I 1 l 1 l
0 1 2 3 4 5 6
@ (GeV?) wir
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1P" 1S transitions

@ bt rm inspied by potential models with spin-dependent cections
| " 2
Q

B(Q) = Bi(0) 1+ & ¢ 107

|||||||||||||||||||||||||||||||||||||||||

, e
i
F 3
Xc0_>J/¢’YE1 ler — I/ #Heq he! !c¢"E1
G = 542(35) MeV $ = 555(113) MeV # = 689(133) MeV
0= 1,08(13) GeV %= 1.65(59) GeV $! "

simplest quark model has #&llequal andb(%o) = 2#, $(%1) = #2 $5(%0), $(hc)! 12/62v
Jff;?son Lab Orn
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two-photon deca ys

@ this is non-trivial in Euclidean lattice QCD

@ the photon is not an eigenstate of QCD

® how do weOmaO one on the lattice
@ solution is to ealise that it is a suitable sum of QCD eigenstates
® like aGector dominanceO pictur
@ exactly expressed in the LSZeduction of beld theor

© explained cafully inJi & Jung PRL86, 208 & Dudek & Edwards PRL97, 172001

(y(oy A1)y (k, )\2)|M( p) =
— lim €,(q1, A1) (g2, A2) G q#Q d*zdty eVt 1T <0IT Ay A’ (z) IM( )

ql q1
QQ' q2

' " L,
L2 NPty e Y [T M (0) 57 (y) M (p)h
® theOextral integral becomes a sum ofraledor over timeslices on the
lattice
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two-photon deca ys

. . 05 | ' | ' | ' | ' |
@® integrand is pead and can be summed _ | e
. = (100)
: . L T)c Y @ b ]
® resultis thedrm-factor for nc! yy 04 o p=(110)
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0.25 - o @*=-2.10GeV? o4k B ]
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QQQQMEQ 2_ 2 — E
ﬁﬂ%@ﬁ@@gﬁﬁﬂ QQ o Q2 - 2.68 Gev2 S %
Q®=4.43 GeV' o -
0.2 g T = S E
1
o] I
Sy S 02} ! .
S §§§Méwmwmmw‘“’m e Eﬁ
L 015 002, | _
mmmmm mg ! ? E } E
3300800 r55gUoeRaTo? o I !
I
1
u ' _ | . | . | . l . l .
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| PRL 97, 172001 (2006) PHYSICAL REVIEW LETTERS 27 OCTOBER 3006
I
I ' I ' I E 4IO ' Two-Photon Decays of Charmonia from Lattice QCD “6"
t 't=37 Jozef T. Dudek* and Robert G. Edwards —

1 L L
0 10
Jefferson Laboratory MS 12H2, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA D
e So n a (Received 12 July 2006; published 23 October 2006)
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What can lattice do for the onia?

@ alot,in principle
@ butitis along wa behind established technique®lotential models
@ mary lattice goups calculate charmonium spectra

@ Dbut not all ae primariy interested in charmonium pisics

® useOpmciseO comparison with thevier part of the spectrim.io set the
charm quark mas®f D-meson 3&or physics

@ smaller mmber of goups trying to compute quantities lgend the spectrum
® new techniques tad time to get working
@ will initialy not useOthe best lattice systematics@

@ US lattice gonups hae to beg br computing time gery year
® decided ly a committee of lattice QCD theorists
® explicit suppot from experimentalists is\abys helpful

@ if you think we€® computing the right quantities and want better
calculationgplease cite us
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5500

5000

4500

Mank e & Liao

@ cearlier study with similar operators
@ less sophisticated awyals
@® someavhat heaier 1* reported

meff / MeV
) Mars & ey
2
¥
I
i
___________ {__ S R
———————————— ft‘—tTI-—}— f'j—'f
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lattice tec hnique

© fairly straightbrward goplication of thee-point corelators
@ similar to pionproton form-factor, N<A ... calculations

® compute thee-point functions with sequential-saar technolog
® completey specify the sink (operator & momentum)
® can inserarny momentum

e~ P Bl(X, te)

@ obtain corelators at various values of photajt
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radiatl ve tr ansitions

© usual expressed in terms of mitipoles

@ covariant expessions can be deed
® egfo! Wy _ ) , 5
W eo(p)[VEO# (P 1) = @ 1(Q%) Ei(Q?) Q)M (By,r) —(by,T) - Py Py - Py Py, — M3, Py

C1(Q? . ) ]
+ 2 )m! e(pi ,r)ap |p ap (pr +p )H —m? p!Ll —7n!2 pH})

VQ?

© the multipole brm-factors can be obtaineddm the three-point functions as an
overconstrained linear mblem
® need theE® andZ® from two point function bts

® deals with all the data at a givQ? sinultaneousy - in principle can
simultaneous} extract excited state transitions

T(pr,piit) =  Plps,piit) - Ka(pr,pi) - f2(Q%)
“ e [res Tt ] o
N I N DK DKo 2
P = 4ZEffZEZie' Estral (Ei! Ept ret| = |Plenkie PlehK.(c) fz(Q: )[t]
- - win
OL
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Prst results

@® guenchedanisotopic lattice
® a.=0.1fm,E=23.0, 123x48
@ domain wallérmions (s=16)
@ charm quark mass tuning is not perfect (5% low)

@ ground state to gound state transitions ol

PHYSICAL REVIEW D 73, 074507 (2006)

Radiative transitions in charmonium from lattice QCD

Jozef J. Dudek,* Robert G. Edwards, and David G. Richards

Jefferson Laboratory Mail-Stop 12H2, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
(Received 17 January 2006; published 20 April 2006)
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%1" J/! $ tr ansition

© derived the covariant nultipole decomposition

(A, r )" OV DV, mv)) = s (Pa —pv)eX

x pa+ pv)p (2male” (T, 7a) VI, ) + 2000 ey, 7v) pales () )

+ (@0 + 1), (2male Wi ) VIen 7 rv) — 2y el 1) pales ()

(=4 (@)e;(Fa,ra)epBv, 1)

+(pa+ pv)o|(m4 = md + e Fa,ra) pvl (B, rv) + (mh = m = By, rv).pal €, 74)| )] .

E1(Q?) - electric dipole - experimentalf measued atQ?=0

M;(Q?) - magnetic quadrupole - experimentall measued (via photon angular
dependence) a@?=0

Ci(Q?) - longitudinal - goes to zepo at Q2= 0

© this lattice” m(%: - J&) close to experimentso small phase-space ambiguity
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%1" J/! $ tr ansition

©® no Q2 <0 points aving to kinematical structer of matrix element

0.45 I T I T I T I T I T I T I I T I T I T I T I T I T I
i E | 0l M 2
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2.

)
o
w
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—al

N

2.

)

o
=

I'

L

N
b
T
a, M,@Q
-

0.25 | " 015 J]E _
02 o spat.p,=(000)! , | | r 1} 1
| spat. pf = (100) ! c1 snk. | 02 F T —
* PDG phys. mass
0.15 # PDG lat. mass - r b
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