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‘parameters’ of a lattice computation

@  discretised charm & light quark actions
@ various varieties available (clover, Fermilab scheme, domain-wall, overlap, staggered, HISQ, ...)

@ lattice spacing a (might be differing a;,a;) - a—0 desired

@ certain actions designed to speed this approach,
e.g. domain-wall fermions: X(a) = X(0) + 0(a?)

©® current lowest ~0.06fm - perform extrapolations

© mass of lisht & strange quarks ‘in the sea’,mqs - mg = m" ~0 desired
& &¢ q g q q
@ dynamical lattices, current lowest m; ~ 200 MeV
@ quenched lattices neglect these quarks altogether

@ volume of spatial lattice box,[° - L— desired

@ sensitivity to this depends upon the states under study

@ inclusion of disconnected diagrams (OZI)
@ usually just connected diagrams - effects probably small
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which quantities can be computed?

@ ‘“‘casy” & approaching maturity:
@ spectrum of states below open charm decay threshold
@ leptonic decay constants

@ relatively “easy” but only recently begun:
@ radiative transitions between charmonium states
® two-photon decays of charmonium states

® “hard”:
@ hadronic decays of charmonia

@ accurate determination of state masses above threshold when they can decay
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lightest five states

© have been studied the most
@ relatively easy to extract (070;) = Z <O|Of|]2vﬂ>%<]iv|0ilo> e MmN
@ use simple interpolators O — @er N

@ can get masses and leptonic decay constants

@ relative ease of computation means can devote effort to dealing with lattice
systematics

@ many groups have worked on this - no time to summarise them all
@ a single recent example: Phys.Rev.D75:054502,2007 (HPQCD & UKQCD)
® highly improved action

. . 3.8 F
(small effect in extrapolating a—0)

a~0.09fm , my~ 250 MeV ll

® decay constant analysis is underway
(C.Davies private communication)

® fine dynamical lattice [ ) |

34 |

Mass (Gev)
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higher spectrum

@ higher spectrum results not at the same level of ‘minimised’ lattice systematics
@ need larger set of interpolating fields (to get spin=2 and exotics)
©® e.g. derivative based operators
I
B
Y 1I'Dy v
e
Y1I'D; Dy
@ recent study in quenched lattice QCD
® somewhat improved Clover action

@ anisotropic lattice action as = 3a;

@ establish if sophisticated analysis method can extract multiple excited states
from lattice correlators
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excited states

@ an example of the difficulty in analysis
@® the charmonium vector channel below and close to threshold:

3770 near deg. states e300 3T

¢ ) are tough to fit ¢ )
3686 3686
even worse on
a cubic lattice
3097 3097
C ) ¢ D
1 T~ =(1,3,4...) "
@® need a reliable excited state extraction procedure
@ variational method utilises the orthogonality of states
win
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excited states

. first results are promising arXiv:0707.4162v1 [hep-lat] 27 Jul 2007 JLAB-THY-07-68

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 -

S 3" - —— R s —
p ) 3750 = E— _
3686 B spin-1 ]
- spin-2 -
e ) - - spin-3
3097 3000
0 A1l T1 T2 E A2
¢ P 0,4.. 1,3,4 .. 2,3,4.. 2,4.. 3.
O|(YTDe )1, |J) = Z;s - K, dim=1 dim=3 dim=3 dim=2 dim=1

(0|( T D) gl J) = Zy - K3

to my knowledge, the first time this has been seen “_"'
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[quenched & a 7 0]

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 |
L L — L J
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.
o
e
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PC = ++

[quenched & a 7 0]

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 |- oeeeees NN . 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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[quenched & a # 0]

i exotic
5500 _exotlc 7] g.m. F-waves —
o g.m. P-waves -
5250 |~ - 5250 this work —
I~ . - — expt. (PDG) 1
5000 |~ - 5000 —
L % . L 4
aso0 I W77/ % - 4500 |- ]
4250 = — 4250 - =
3750 |- - 3750 |- i
3500 — - 3500 |
3250 — - 3250 |
3000 3000
Al T1 T2 E A2 o" 1 o 3" 4"
0, 4 .. 1, 3, 4 ... 2, 3, 4 .. 2, 4 .. 3. exotic exotic exotic

Wi»

D
Charmonium from Lattice QCD I D)MINION e
UNIVERSITY




[quenched & a 7 0] naive analysis puts
states in lowest spin

exotic
Bl
DDLU - 5500 g.m. S-waves |
- - L 77 g.m. D-waves
5250 — - 5250 g.m. G-waves |
- - o this work b
5000 - 5000 |~ = expt. (PDG) —
4750 |~ 7 - 4750 — —
4500 — - 4500 |- -
4250 4 - 4250 —
I noops I ]
4000 |- - 4000 |- _
3750 | — - 8750 R ]
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 |-* near 4300 MeV
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[quenched & a 7 0] equally plausible to assign the lightest state
to be non-exotic 4

exotic
Bl
DDLU - 5500 g.m. S-waves |
- - L 77 g.m. D-waves
5250 — - 5250 g.m. G-waves |
- - o this work b
5000 - 5000 |~ = expt. (PDG) —
4750 |~ 7 - 4750 — —
4500 — - 4500 |- -
I I
4250 4 - 4250 —
I noops I ]
4000 |- - 4000 |- _
3750 | — - 8750 R ]
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

then the exotic | is heavier (>4600 MeV)
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radiative transitions

@ real photon transitions (Q?=0) DD

@ lattice method will yield transition
form-factors (at multiple Q?)

@ will extrapolate back to Q?=0

PHYSICAL REVIEW D 73, 074507 (2006)
Radiative transitions in charmonium from lattice QCD E1l
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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radiative transitions

@ extract from three-point functions involving the vector current

L(ty,t;p,q) = Z TPE MY (o (T, 1) (7, 1) (0,0))

~ Z e Em =005 (0)] £ (7))
o X fa (@)1 3(0) lim (5 + D))
X (im (5 + Q)]s (0)[0) e~ i

@ overlaps and energies come from the spectrum analysis (two-point functions)

@ matrix element related to the decay width

@® egl)lv—ncy 2V(Q2)
AN’ - — pae By o/ -
(ne(P)177(0) ¥ (P, 7)) by PaPss (p,7)
A T
I ¢Y) = Qlem V(0
ff Son Lab Charmonium from Lattice QCD DON%FNION e

UNIVERSITY



J/Y—Nnc Y transition

@ statistically most precise channel, but very sensitive to the hyperfine splitting which
is not correct on this quenched lattice (dmp. = 80 MeV, dMexpe. = 117 MeV)

05" ' | | | ! | T _
_ s
0.75 A .l;;', == -
hase space ( |q|? - .
phase space ( |q|*) i o )
physical ........................... » I IE? .
-1.25 - i o temp.p,=(100) n, . | ]
. ~ i T o temp.p,=(100) JAp,,, |
Iatt’ce ....................... -:- >....-;5 _ }: O spat pf (000) ncsnk. =
i spat. p,=(100) n . | |
M o spat.p,=(000) Ay, | ]
F(¢ — 77c’7) = , _r QQ spat. p,=(100) JAp_ |
|q|3 ~ i 2\ — 16321 * C.Ball phys. mass |
(my+my,. )2 27 ’V( )‘ 2251 V(Q ) — V(O)€ P « C.Ball lat. mass |
25 —
il 1 I 1 | 1 I 1 I 1 | 1
0 1 2 3 4 5 6
Q? {GeV)
@ the Crystal Ball experimental value needs confirmation
all eyes turn to Matt Shepherd & Ryan Mitchell at CLEO win
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Xco—J/P Y EI transition

'0.05 I 1 I I I I I I I 1 l 1 I
! m spat. p,=(000) JAp,, |
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IP— IS transitions

@ fit form inspired by potential models with spin-dependent corrections

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

o
i
i ii i %
z }
Xco — J/UVYE Xe1 — J/VVEL he = NeYE1
8 = 542(35) MeV 8 =555(113) MeV 3 = 689(133) MeV
p = 1.08(13) GeV p = 1.65(59) GeV 0 — 00

simplest quark model has all B equal and p(Xc0) =2 B, P(Xet) = V2 - P(Xe0), P(hc) =
um
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two-photon decays

© this is non-trivial in Euclidean lattice QCD

@ the photon is not an eigenstate of QCD

© how do we ‘make’ one on the lattice
@ solution is to realise that it is a suitable sum of QCD eigenstates
® like a ‘vector dominance’ picture
© exactly expressed in the LSZ reduction of field theory

@ explained carefully in Ji & Jung PRL86, 208 & Dudek & Edwards PRL97, 172001

(v(q1, A1) v(q2, A2)[ M (p)) =
el M) 0, ha) PR [atadty e O[T {40 () A4 () M)

QQ—>Q1
qg—ﬂzz

— e? e&l)*e(f)* /d4y ety <0|T{]M<O)]V(Q)HM(P)>

® the‘extra’ integral becomes a sum of a correlator over timeslices on the

lattice
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two-photon decays

0.5 , ; : : , ; ; ,
@ integrand is peaked and can be summed _ * il
- : ne =Y [
@ result is the form-factor for n.— yy 04k o p=(110) | -
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I
]
(I) ' 1|0 ' I ! . : 4|0 Two-Photon Decays of Charmonia from Lattice QCD “6"
t 't =37 Jozef I. Dudek* and Robert G. Edwards —
J f f Jefferson Laboratory MS 12H2, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA OI‘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 a long way behind established techniques like potential models
@ many lattice groups calculate charmonium spectra

@ but not all are primarily interested in charmonium physics

@ use ‘precise’ comparison with the lower part of the spectstim to’set the
charm quark mass for D-meson flavor physics

@ smaller number of groups trying to compute quantities beyond the spectrum
@ new techniques take time to get working
@ will initially not use “the best lattice systematics”

@ US lattice groups have to beg for computing time every year
@ decided by a committee of lattice QCD theorists
© explicit support from experimentalists is always helpful

@ if you think we’re computing the right quantities and want better
calculations, please cite us
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Manke & Lia

@ earlier study with similar operators

@ less sophisticated analysis

@ somewhat heavier |- reported

5500

5000

4500

o

meff / MeV
) Mars & ey
2
¥
I
i
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———————————— TRt

4000 |
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Iattice technique

@ fairly straightforward application of three-point correlators
@ similar to pion, proton form-factor; N A ... calculations

@ compute three-point functions with sequential-source technology
® completely specify the sink (operator & momentum)
® can insert any momentum

e T T (T, b))

@ obtain correlators at various values of photon Q’
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radiative transitions

@  usually expressed in terms of multipoles
@ covariant expressions can be derived

® eg o )lyy
(o BV )5y, ) = 274(@Q?) (E (Q) | UAQV) By ) = (B 1) - px (P P Py — 3, P )|

O (O2
i/(gi)mwe(p% T) - Dy [px'p¢(px+p¢)u_mi pi—mi p;})

_|_

© the multipole form-factors can be obtained from the three-point functions as an
overconstrained linear problem

@ need the E’'s and Z’s from two point function fits

@ deals with all the data at a given Q% simultaneously - in principle can
simultaneously extract excited state transitions

pf pm prf pz; ’ (pfapz') fn(@z)

timo| [Pomomy rion | [
;t : 1 ;t 2 2
P 4%;ZE e~ Ertrem(BimEy)t L(e;t)| = | Plest)Kai(e)  Ple;t)Ka(c) fz(Q. .
L 1L : ;ién
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first results

@ quenched, anisotropic lattice
® a.=0.1fm E=230 123x48
© domain wall fermions (Ls=16)
@ charm quark mass tuning is not perfect (5% low)

@ ground state to ground state transitions only

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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Xc1—J/PY transition

@ derived the covariant multipole decomposition

(A@a, T )7 OV By, mv) = 175005 ¢"" (0a = Pv)ex
% (BUQ A + p)p (2male”ara) pvlen (b, rv) + 2my [y, v ) pales (Fasra))

Q) pa + pr)o (2male* () pvles (57 7v) — 2mu e 1) pal€l (Fas 7))

2
cHe’) < — A(Q%)e; (Pa,ra)en (v, Tv)

\/q_z

+ (pa +pv)p |03 =+ e (Fa,ra)-pv] ey rv) + (mh —mi — )y, rv) pal Gi(P},TA)])] -

© E(Q?) - electric dipole - experimentally measured at Q2= 0
© M2(Q?) - magnetic quadrupole - experimentally measured (via photon angular
dependence) at Q=0
©® Ci(Q? - longitudinal - goes to zero at Q2=0
@ this lattice dm(Xc1 - J/P) close to experiment, so small phase-space ambiguity
wir
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Xc1—J/PY transition

@ no Q? <0 points owing to kinematical structure 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
| E | 0 M 2
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0.35 - + ]
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2
)
o
w
ll
F—a—
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-
2
)
Il
[

0.25

N
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-0.15 [
0.2~ o spat. Pe= (000) Xet snk. --_ B ﬁ 1,] % i
L spat. p; = (100) % gy | | osl 5 .
# PDG phys. mass
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