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ITI. Charm quark on lattice

Discretization error of lattice fermion actions  oc O((m a)")

Generally, tested by spectral quantities
Naive fermion (r=0): E=m+ O(miai]

Wilson fermion (r=1): Fa = log(1+ma)

For the typical lattice spacing of current dynamical simulations,

a~0.1fm m.a~ (1.4GeV)(0.1fm) ~ 0.7
(1fm=(1.973GeV)™")

So, it is difficult to put heavy quarks on lattice straightforwardly



Recent large-scale Nf=2+1 calculations

(fm)  (fm)  (MeV)
s MILC Kogut-Susskind 0.06 4 220
s PACS-CS wilson-clover 0.09 3 155
= BMW wilson-clover 0.09 4 190
= RBC-UKQCD  domain-wall 0.085 4 220
s JLQCD overlap 0.11 18 290




Non-relativistic QCD prescription

SNRQCD:zqﬁ(I)( ?H —I-—Zﬂ: _‘5 B(x) ‘|‘_(Zﬂz) +-. )‘b(’f)a

where

Vi) = = (Wl +ak) — w()

Improve relativistic fermion action

In order to do high precision calculations, it is necessary to correct
the fermion action to a higher order of ma by including more terms
in the action.

Taking Wilson fermion for example, this can be realized by including
a clover term (Sheikholeslami and Wohlert, 1985)

Shw/fx%sw Y V() Opy F v (X)W ()

Can be tuned 0(ma) — O((ma)?
or calculated in PT (ma) ((ma)°)



FermiLab fermion action for heavy quark on the lattice

S=) Untn — K [%[1 ~ Y4)Un a¥p 13 + Pnya(l + ?4}Ui,4¢n}
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In the Fermilab method, a version of the clover Wilson action, but

the results are interpreted with (dimensionally regulated and
MS-renormalized) NRQCD with modified short-distance coefficients.
This is possible because Wilson fermions possess heavy-quark
symmetry, and the proposed improvements preserve this feature. Then
the parallel structure of the NRQCD descriptions of QCD and lattice
gauge theory are used to match the latter to the former. In both
frameworks, the lattice action can be systematically improved via the
nonrelativistic expansion (FermiLab & MILC Collab. arXiv:09122701)

Breaking the space and time interchange symmetry



IV. Charmonium spectrum

Charmonium and bottomium properties are relatively well understood
by potential models and effective theories.

Charmonium and bottomium spectrum can be a good testbed to check
techniques of lattice QCD.



+  Charmonium spectrum
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Figure 10: The left panel is chiQCD Collab.’s result from overlap fermion(hep-
lat /0407027). The left panel is the result of QCD-TARO(hep-lat/0307004) using
Wilson type fermions.



Latest results of onium mass splittings (Fermilab&MILC, arXiv:09122701 )

TABLE IX: Continuum extrapolations of splittings in charmonium and bottomonium in MeV. The first error comes from statis-
tics and accumulated extrapolation systematics; the second comes from the uncertainty in scale setting with r; = 0.3181'3:33? fm.

Splitting Charmonium Bottomonium
This work Experiment This work Experiment
1P-18 473 + 12+ 457.54+0.3 446 + 181" 456.9 0.8
p 18 469 + 111° 4579404 440 +174)° —
25-15 792 + 4217 606 £ 1 599 + 361,° (580.3 +0.8)°
1351-1'So 116.04+7.473%  1164+1.2 54.0 +£ 124707 69.4+28
1P tensor 15.0 £ 2.3103 1625+0.07 45422701 5.25 +0.13
1P spin-orbit  43.3+6.67;° 46.614+0.09 169+ 7.050* 18.2+0.2
18 3Q-QQ 1058 +13*2¢ 1084.8 £0.8 1359 4 30413} 1363.3 +2.2
Y(25)-15 instead of 25-18S.
= Charmonium . - Bottomonium .
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FIG. 17: Quarkonium spectrum as splittings from the 1S level for @c (left) and bb (right). The fine-ensemble results are in
blue fancy squares, the coarse in green circles, the medium-coarse in orange diamonds and the extra-coarse in red squares.
Solid lines show the experimental values, and dashed lines estimates from potential models. The dotted line in the left panel
indicates the physical open-charm threshold. The error on the data points combines statistical, xK-tuning, and r; uncertainties.
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Hyperfine splitting

2+1 DMF sea and overlap valence (chiQCD preliminary)
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The exp't result of hpf is corrected by
considering the omission of c-barc

annihalation effect in LQCD calculation.



Hybrid charmonia

ccy

1+ ——
extrapolation ——

Operators always used to calculate

'hybrid’ mesons on lattice 5 |
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M (L") = 4.18(3)GeV

For g-barqg sys.

(CLQCD, in quenched approximation)



Y(4260)——A hybrid charmonium?

Experimental facts:

e New resonance discovered in e*e” — y,gp(J/vn*n’) by BaBar

i
;

4 1.2 - E— a8 ] uIT_L.._‘l o Eigs e, S e s |
na B Mok (e e’y [ am B s ® [T} T
Mg (BeVic?)

e BaBar measures: M = (4259 £ 8) MeV/c?, T = (88 £ 23) MeV
e Belle measures: M = (4295 £ 10 *'%,) MeVic2, T = (133 *26,,*13 ;) MeV
e Confirmed by CLEO: M = (4283 *17__+ 4) MeV/c?

s No evidence for
m e'e > yR(D0), e'e o vgr(dnt), e'e — v5r(PP), e'e” — visrlJvyy)

® 3o enhancement in B decays
m BoYC, Y llpn'y
m Moeds confirmation

Bafar: Phys Rew. Lott. 95 (2005) 142004
Belle: hop-ax/1612006

Y. Poireau  DIS 2007  April 2007 BaBar: hep-ex/0507083
BaBar: FRD 73, 0171101 (2006)




CCg hybridsin Q™" and 1~ channels

O-+ channel,
hybrid-hybrid correlation function (H-H);
meson-meson correlation function (M-M)

1-- channel,
hybrid-hybrid correlation function (H-H);
meson-meson correlation function (M-M);
meson-hybrid correlation function (M-H);
hybrid-meson correlation function (H-M)

Intuitively, an operator can overlap to all the hadron states
with the same quantum number of the operator. Therefore,
These hybrid operators can couple to the conventional

Charmonium states and also the hybrid states if they exist.
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Quenched results (CLQCD preliminary, 2006)

M (GeV) HH (GeV) Exp't (GeV) | |,
Ne 3009(2) 3.008(14) 2.930 HWI
J/o  |3100(2)  3.080(21) 3.007 a5 | et I s
X0 3480(17) 3411
n(2S) | 3597(38) 351(15) 3.642 _ ] ) °
$(2S) | 3.690(35) 357(40)  3.68 S 4ol ol |
¥(35777) | 4.13(15) 4.040 = waoso 150 [ Ho .

4.160 | 1

H(077) 5.78(33) e s I -
H(1™) 5.49(25) . n
1—+ 430(7) B b Mg — {3
0" 4.67(17) 25

07 (MM (HH) 1M 17 (HH) o™ 1t ov

* Masses from the four-mass-term SEB fitting of hybrid-hybrid (HH) and meson-
meson (MM) correlation functions in 1-- and O-+ channels.
It is understandable that the masses of the ground states are almost the same and
the masses of the first excited states are consistent with each other, because the
operators with the same quantum numbers can overlap to the same hadron states.
The masses of the second excited state of HH are very different from those of MM
No convincing results of masses of non-exotic hybrids can be derived in our work.




V. D(Ds) leptonic decay constants
and semi-leptonic decay form factors

Decay constants: (0|4, (p)) = ifu,pu
Which can be derived from the two-point function,
Ca, (1) = (4a(1) O}y (0))

The axial current should be renormalized

'III _.-"n' LT —_— ) f
".LD S “_ll_ Ir;:,.l': -DEI_::I _— Efﬂgpj.iﬂ
- 2
(me + ms)(0|5ys5c|Ds) = —mp_ fb..



f_Ds puzzle or not?
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TABLE IV: Recent absolute measurements of fp_from CLEO-¢

Experiment Mode B (%) fo, (MeV)

This result 71v (pT7) (552 0.57£0.21) 2578 £13.3L5.2
CLEO-c [9] 7tv, (mt7) (6.42+0.81+0.18) 278.0+17.5+4.4
. CLEO-c [16] 71w (eTvP) (530 £0.47+0.22) 2526 +11.2+5.6

Average TV (5,58 £0.33£0.13) 259778134
CLEO- [9] utv. (0565 +0.045+ 0.017) 257.6 £ 103+ 4.3
Average THtrv4puty (ES'J.[} + 6.2 + 3.D>

2 2
B{Dséf;;}:?“ﬁéﬂfgg (1_ ”?';f) GpV.imel|?,

m m ‘DE

Latest results given by HPQCD
mp, = 1.9691(32)GeV

fn. = 0.2480(25)GeV—  HPQCD 2010
fn. = 0.3947(24)GeV arXiv:1008.4018




Error budget of HPQCD2010

TABLE V: Full error budget for mp_, fp, and f5. given as
a percentage of the final fitted value. Note that in the case of
fn. the top six errors are those to be considered for a lattice
QCD calculation that matches this one. As discussed in the

text, the bottom three errors are included for completeness.

Error mp, fo, fn.
statistical /valence tuning 0.094% 0.57% 0.45%
rija 0.025% 0.15% 0.16%
T1 0.051% 0.5 0.27%
a? extrapoln 0.044% 0.40% 0.24%
Thg,sea eXtrapoln 0.048% 0.34% 0.09%
finite volume 0% 0.10% 0%
g, 0.056% 0.13% -

em effects in D, 0.036% 0.10% -

em and annihln in my, 0.076% 0.00% 0.05%

em effects in 7. - - 0.40%
missing ¢ in sea 0.01% 0% 0.01%
Total 0.16%  1.0%  0.6% (top 6)




Form factors of D to

K or pion

CKM matrix and PDG number (Amsler2008)

Vud Vm Vub
Vekm = V(‘d Vcs Vcb —
Vid Vis Vib

Lattice gold-plated
processes which can

be used to determine
the CKM matrix elements

0.9742 0.2257
0.2256 0.9733
8.74 x 1072 40.7 x 1073
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Master equation:

Expt 4 = (SM parameters) (matrix elements) (kinematic factors)

v

ay constants,

Form fac
mp D. m; ’
B(D, — fv) = 1DTDe g2 ( ) CrVEmgl?,
mi,

L

dl' G Vi ° [( 9 3 2)

I
— — My + Mp —
dg?  19273m3, H F—1 |

— 4dm ?rmf:] | f+lq7)



Form factors ;
K</>0D -
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k V
CaplterPotyiq) = 2 e ®=90|T [K*V,D°] |0)
¥y

= 2 e P 0|5(0) ysu(0)e(y)yus(y)E(z)yselz) 0)

L
exp (Ex(p +q)t, — Ep(p)(t: — 4,))
4Eg(p +q)Ep(q)
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- The connection between the matrix elements
and the form factors

M3 — MZE
KIVHD) = F27R(q?) |+ e - =2 q“]

o M2 — M2 §
[-.D_”‘{qzﬁ—q:, K g (:

Multiplying q,=p°-p< ,we have the identity |f, (0)= f,(0)

+  Alternatively, if we forcus on f+(0) for deriving Vcs

. Mo — Mos )(K|S|D)
DK (2) (172 5] |

f’H|5’|D}:M?—m‘fD_”‘ 3y — Jo = 5 5
' ' Moe — Mos " © *Mﬁ_*uff

PCAC qurantees the renormaliztion invariant

- For parameterization One choice is the Beéirevic-Kaidalov (BK) ansatz
F
I-P)(1—ad)’
F
1 —g2/3°

fi(g*) =

folg?) =
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The final lattice result

D=K(0) = 0.747 + 0.011 £+ 0.015.

+
- L R ' T
Type Error
Statistical 1.5 % - HPQCD (2010) BN 25%emor
Lattice scale (r; and r1/a)| 0.2 % -
Other theory
Input meson mass 0.1 % u e .

FermilabMILC (2005) iz
Sum Rules (2009) .

Light quark dependence | 0.6 %
Strange quark dependence| 0.7 %

Sea quark dependence | 0.4 %

. Expeniment + CEM Unitanty
am,. extrapolation 1.4 %

CLEQ-c (2009) fl
aFx extrapolation 1.0 %
Finite volume 0.01 % - BaBar (2007+update) .
Charm quark tuning 0.05 % | T
Total 2.5 9% 02 03 04 05 U.}ﬁ 07 08 09 1

Bl R ||

Using the lattice form factor as input, and combining CLEO_c and BaBar
experiments,

|[V.s| = 0.961 £ 0.011 &+ 0.024,
CKM unitarity value I]a‘::5| — ﬂ_ﬁ?ﬂﬂd[ﬂﬂ)
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HPQCD (2010)
V. =0361 (11)24)

PDG 2008: direct estimation
Sem-leptomsc decay: [V | =0.99 (1)(10)
Leptonc decay: [V |=1.07(§)

Average: [V |=1.04(6)

PDG 2008: CKM Unitaity
V |=097334(3)
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V. Charmonium radiative transitions and decays

- Charmonium radiative trnasitions

—— E1 transition
MEVIGE— — —— M1 transition

3700 | oy ;é”s,]

3600 ;
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The Chammonium System



(a)
Can be studied P

on lattice

Fﬁ?i{ﬁh g ts,t)
— Z E_iﬁIfE+1aﬂ{Df[f: t_f} 'I,IFF’I;&{’E, t} D: {ﬁ- I}}}
z.7

Stats IG(JPC) Operator
Scalar(o) 1—(0'|'+] u(zx)d(z)
1=(0++) u(z)yad(z)
Pseudoscalar 1=(0~%) u(x)ysd(x)
1=(0-1) u(z)vaysd(z)
Vector 1+(1=") w(z)vid(z)
1+(1—-) Tz )vivad(z)
Axial (a) 1-(1+4) u(x)vivsd(z)
Tensor(b;) 1+(1%-) u(x)yiv;d(z)




After the intermediate insertion, the three-point function takes
the form,
E_EfEIE_{Ei_E.F]E

F{H} D 'Lt t 71 .
fr-a.'[ .0 tp,t) = ; 2E¢(7y) 2E;(p;)

(0]9T s4(0, 0)| f (Br,7s))

(@, rIITH (O, )i, 72)) ((O1FTi(, 0)li(Fivr) )

This matrix element can be derived by combining the relevant
two-point function,

0 (i) = D e P304(%,1)0](0))

g
zN {ﬁ'JZ‘N}*{ﬁ} _ g,

== 2E(N)

N

where

ZM)(5) = (0|0:|N ().



Some of the charmonium radiative transitions have been
numerically studied by quenched lattice QCD

[1] Jozef Dudek, Robert Edwards, Christopher Thomas
'Radiative Transitions in Charmonium from Lattice QCD ',
Phys. Rev. D 73:074507, 2006
arXiv: hep-ph/0601137

[2] Jozef Dudek, Robert Edwards, Christopher Thomas
'Exotic and excited-state radiative transitions
in charmonium from lattice QCD',
Phys. Rev. D 79:074504, 2009
arXiv:0902.2241(hep-lat)

Charm quark prescription: aniotropic lattice with a_s/a_t>>1,
such that

m.a, ~0.2<<1



http://xxx.itp.ac.cn/find/hep-ph/1/au:+Dudek_J/0/1/0/all/0/1
http://xxx.itp.ac.cn/find/hep-ph/1/au:+Dudek_J/0/1/0/all/0/1
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E1l Xeo — J/y xa1 — JfPy he — ney

3/ MeV 542(35) 555(113) 689(133)
p/MeV 1080(130)  1650(590) o0
e ey D
PEGD/keV  pnaim) s64(s1) -
M1 Jfp = peyl M2 xo — Jfyy
3/MeV 540(10) ||5/MeV  617(142)

Toiyamss/keV o) M2 _p.a99(121)

IPPE [keV voris || expt. —0.002(F

Cl  xco— J/Uy xa1 — J/Uy he — 0y
B/MeV  501(33) 502(38)  545(49)
l]/GeV  11(1) 17.6(1.6) 17.5(1.1)

TABLE II: Radiative transitions
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1 % — xeoy [0.092(19) E?;izz]) 26(11)  30(2)
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o s | Y o
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3 W ey |0.27(15) _316;&2233) 1011) -
5 Yigh. — 77| 028(6) 2020 | go08) -

0[fixed]




* QCD predicts the existence of glueballs

- Quenched LQCD predicts glueball spectru

J/psi radiative decays to glueballs
CLQCD Collab.: Y. Chen et al, in progress.

JPC

1 1@(1)( ]
5.83(5)(6)

Lowest-lying glueballs have masses in 6256

the range 1~36GeV

yt 7:42(](7] 3040(4](150]
Experimentally, fO(1370), fO(1500), 3t R79(3)(9) 3600{40)(170)
£0(1710 lueball did + 8.94(6)(9) 3670{50){180)
( ). etc., are glueball candidates, o34{4 38300 190
but decisive conclusion cannot be drawn. - 9.77(4)(10) 4010(45){200)
¥ 10.25(4))(10) 4200{45)(200)
Due to its abundance of gluons, J/psi 21: 10.32(7)(10) 4230(50)(200)
radiative decay can be the best hunting . ML) TR0}
ground.
) L . _ Y. Chenetal,
BESIII in Beijing is producing 10" J/psi Phys. Rev. D 73, 014516 (2006)

events



Numerical details

* Formalism

The decay width of J/psi radiatively decaying to the scalar
glueball can be derived from the formular

F(J/l//—)]'G )—27 |\|/|8| ‘ 1(0)‘2

Jly

where E1(0) is the on-shell form factor, which appears in
the matrix elements (J.J. Dudek,hep-lat/0601137)

<5(ﬁs)\i”(0)\V(ﬁv,r)>=[El(qz){«?”(ﬁv,r)—e(ﬁv,r)' p, BB ;f(;z‘)mvz &
_C(@)

\/— o) M, £(By 1) Ps [Py - Ps (Py + Ps)* —mZ py —m? pt |
With the vector current insertion |“ =Cy*cC , these

Matrix elements can be calculated through the three point
function,

TO(B;, §itp,t) = — ) e Préet@9(0g(T,t;)5*(7,£)0}(0,0))
&y

(tr 2t 20)



* Lattice and parameters

Anisotropic lattice: [*xT =8°x96 <&=a//a =>5
Strong coupling: p=24 a, = 0.222(2) fm

® 5000 gauge configurations, separated by 100 HB sweeps

* Charm quark mass is set by the physical mass of J/psi

+ On each configuration, 96 charm quark propagators are
calculated with point sources on all the 96 time slices.

The periodic boundary conditions are used both for the
spatial and temporal directions.

. . -
G 7/!” J/l// G 7/'” ‘J/W



* The form factor and the decay width

Polynomial fit:

E,(Q%) =E,(0)+aQ” +bQ"

E,(0) = 0.0145(13)GeV.

The branch ratio is

Iy =G, )—

r

tot

0.07

IE1 02)| -
0068 | polynomia
. QM Iynsplred
0.05 |
3 004
S 003l
[ e
o 002 f / x\.\\
001 | .-
o | t\\"ff#—_—___.:
-0.01 W - '
4 -2 0 2 4 6

o P E,(0)[" =0.030(5)keV

27 MJZ,W

—=0.030(5)/93.2=3.2(5)x10™



Experimental results for J/psi radiatively decaying to scalars

C. Amsler et al., Phy. Lett. B667, 1 (2008)

Decay modes Branch ratio (I';/T")
J/p — v fo(1710) = vK K (8.5%¢5) x 10~
T/ — ~ fo(1710) — v (4.0 +£1.0) x 10~
J/p — 4 fo(1710) — yww (3.1 +£1.0) x 10~
J/ — v fo(1500) > (5.74+0.8) x 10~*
I/t = 4 fo(1370) N/A




The systematic uncertainties

Mg ro

The continuum extrapolation s
has not been carried out.

(The same calculation on a ‘ \*“k\\

finer lattice is undergoing.)

2

0 0.05 0.1 0.15 0.2 0.25 0.3

(as’f r0)2

The lattice vector current has not been renormalized.
(We are working on it.)

The uncertainty owing to the quenched approximation.
( Cannot be resolved in the near future.)

The analyses of tensor channel and pseudoscalar are
under the way.



VI. Summary

* The results of dynamical lattice QCD are impressive.

» Lattice QCD is promising.



Thank Youl!
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