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Introdution (1)Charmed hadron physis in lattie QCD2 Hadroni matrix elementsdeay onstants, form fators, et.Preision is required for omparison with experiments) Systemati errors are to be ontrolled2 Determination of harm quark massPresent harm quark mass: m = 1:15{1:35 GeV| More preise determination is desired2 Test of heavy quark expansionO = O0 +O1 1mQ +O2 1m2Q + � � �Size of orretion termsSize of relativisti e�etTo be ompared with results around b quark mass2 Charmed hadron spetrumQQq, Qqq baryonsOrbitally exited states, et.Lattie QCD) Model independent,nonperturbative alulation based on QCD



Introdution (2)Problems of harm quark on lattieCharm quark mass: m ' 1:2 GeV| Not so light, not so heavyPresent available lattie uto�: a�1 = 1 � 3 GeVm is not suÆiently less than lattie uto�.Standard Wilson/lover quark ationSu�er from large O(ma) errors.Brutefore improvement osts omputational resoures.E�etive theoretial approahes� Nonrelativisti QCD (NRQCD),Heavy quark e�etive theoryExpansion in 1=mQRelativisti e�et may be importantNo naive ontinuum limit� Fermilab approahFor quark mass not suÆiently less than a�1,temporal and spatial hopping parameters should be tunedrotation of quark �eld is to be inorporatedYet another approah is required for systemati studies.Æ Further improvement to remove systemati errorsNonperturbative renormalization, et.Æ Appliations to various proessesSimulations on relatively small resouresOur solution: Anisotropi lattie (a� < a�)



Anisotropi lattie QCD (1)Anisotropi lattie: a� < a�) Anisotropy � = a�=a�Advantages:Æ m � a�1� ab be ahievedwhile keeping total lattiesize omparably modest.) relativisti treatmentÆ Fine temporal resolutioneasy to follow hange oforrelatorsÆ Smooth ontinuum limit
a�a�

Instead, one needs� Additional tuning of parameters� in general di�ers from bare anisotropy in ations.! To be determined nonperturbatively.Bare parameters should be tuned to retain desired �.� Calulations of related quantitiesLattie uto�s, spetrum, renormalization onstants, et.(available previous works are not many)� Tests of appliabilitySaling, systemati errors,onsisteny with isotropi latties



Anisotropi lattie QCD (2)We implement anO(a) improved Wilson quark ation on quenhedanisotropi lattie, in the quark mass region from the hiral limitto around the harm quark mass.Lattie QCDSU(3) gauge theory on Eulidean 4D lattie.lattie spaing a� (ai = a� (i = 1; 2; 3), a4 = a�)hOi = Z DUD � D O[U; � ;  ℄ exp(�SG � SF )= Z DU detK[U ℄O[U ℄ exp(�SG)U�(x) ' exp[�iga�A�(x)℄+' 1N NXi=1O[Ui℄with on�gurations Ui generated withprobability detK exp(�SG).: Monte Carlo simulation� Setting detK = 1: quenhed approximationNo dynamial quark e�et� Quark propagator Sq(x; y) = K�1(x; y):obtained by solving linear equation system� Hadron orrelator:C(t) = X~x hH(~x; t)Hy(0; 0)i ! Z exp(�mt))hadron mass, deay onstant



Anisotropi lattie QCD (3)Gauge �eld ation:SG = � Xx;i<j 1G 241� 13ReTrUij(x)35 + �Xx;i G 241� 13ReTrUi4(x)35U��(x) = U�(x)U�(x + �̂)U y�(x + �̂)U y�(x)F. Karsh, Nul. Phys. B205 (1982) 285.� � = 6=g20 (g0: bare oupling)� G: bare anisotropyG = � at the tree level.To be tuned for desired renormalized anisotropy �.De�nition of �: with gauge �eld observablese.g., Wilson loops in spae-time and spae-spae planes.G. Burgers et al., Nul. Phys. B304 (1988) 587.In quenhed alulation (no dynamial quark e�et),� an be determined independently of fermioni parameters.Klassen (1998): Determination of G as a funtion of �in wide range of � and � with 1% aurayusing the ratio of Wilson loops in quenhed QCD.T.R. Klassen, Nul. Phys. B533 (1998) 557.In this work, we make use of his result.Cf. the same de�nition of � is adopted also inQCD-TARO Collab., Nul. Phys. B (Pro.Suppl.) 53 (1997) 426,J. Engels et al., Nul. Phys. B (Pro.Suppl.) 63 (1998) 427.



Anisotropi lattie QCD (4)Quark ation: SF = Xx;y � (x)K(x; y) (y)K(x; y) = Æx;y � �� �(1� 4)U4(x)Æx+4̂;y + (1 + 4)U y4(x� 4̂)Æx�4̂;y���� Xi �(r � i)Ui(x)Æx+î;y + (r + i)U yi (x� î)Æx�î;y����E Xi �4iF4i(x)Æx;y + r��B Xi>j �ijFij(x)Æx;yT. Umeda et al., Int. J. Mod. Phys. A 16 (2001) 2215J. Harada et al., Phys. Rev. D 64 (2001) 074501Construted following the Fermilab approah.El-Khadra et al., Phys. Rev. D 55 (1997) 3933� r = 1=� (ation retains expliit Lorentz invariant form)(f. another hoie r = 1 was adopted byKlassen, Nul. Phys. B (Pro. Suppl.) 73 (1998) 918,P. Chen, Phys. Rev. D 64 (2000) 034509,CP-PACS Collab., Nul. Phys. B (Pro. Suppl.) 94 (2000) 325.)� Tadpole improvement: �� = ~��=u�, �� = ~��=u�E = 1=u2�u� , B = 1=u�3u�, u� : mean-�eld values of spatial and temporal link variables.� Parameters varied in simulations: (�; F )F � ~��~�� ; 1� = 1~�� � 2(F + 3r � 4) (= 2(m0F + 4))m0: bare quark mass (in temporal lattie units)At the tree level, with r = 1=� and for small quark mass,1F = 1�  1 + 13m20! :| no linear term in m0 for m0 � a�1� .



Calibration (1)Numerial simulation:In quenhed approximation (no dynamial quark e�et)Anisotropy � = a�=a� = 42 Gauge �eldAtion: standard Wilson plaquette ation� G size a�1� (r0) [GeV℄ a�1� (mK�) [GeV℄ u� u�5.75 3.072 123 � 96 1.100( 6) 1.053(13) 0.7620(2) 0.98715.95 3.1586 163 � 128 1.623( 9) 1.525(27) 0.7917(1) 0.98916.10 3.2108 203 � 160 2.030(13) 1.817(22) 0.8059(1) 0.9901G is hosen aording to the result inT.R. Klassen, Nul. Phys. B 533 (1998) 557.Lattie sale a�1� is set by:� Hadroni radius r0De�ned with r20F (r0) = 1:65 (r�10 = 495 MeV)R. Sommer, Nul. Phys. B 411 (1994) 839.� K� meson massFrom the result of light hadron spetrosopy2 Quark �eldAtion: O(a) improved Wilson (lover) ationTadpole improvement with MF values in Landau gaugeIn alibration:At eah �, � = 0:124 � 0:93 (13 points)quark mass range: strange � harm quark massNonf = 160 � 600 (lightest mass, � = 6:10 )Simulations are performed onNEC SX-5 at RCNP, Osaka Univ. and Hitahi SR8000 at KEK.



Calibration (2)Calibration at eah quark mass (�):For eah input F ,Energy of mesons E(~p) is�tted to dispersion relationE(~p)2= m2 + ~p2�2F +O(~p4)(linear/quadrati forms)+fermioni anisotropy�(PS)F , �(V )Ffor eah F 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Calibration (3)�F (�) is �tted to a linear form in m2q:1�F = �0 + �2m2q; mq = 12� 0�1� � 1�1A ;where mq is naive quark mass.(� is determined by linear extrapolation of m2PS in 1=�to m2PS = 0 using largest two �.)� �0 �2 �2=Ndf �F (mq = 0) �5.75 0.2558( 9) 0.230(12) 1.83/11 3.909(14) 0.12640(5)5.95 0.2490( 8) 0.189(15) 3.52/11 4.016(13) 0.12592(6)6.10 0.2479( 9) 0.143(14) 4.44/11 4.034(14) 0.12558(4)(Result of unorrelated �t.)mq dependene is atually small in light quark region,and well �tted to linear form in m2q.Result of linear �t in m2q ) result of alibrationFit �F to a quadrati form in mq:Æ CoeÆient of linear term is almost onsistent with zero.Æ Di�erene in �0 from linear �t is at 1% level.

7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
1/κ

0.25

0.26

0.27

0.28

0.29

1/
γ F

*

  data
  fit: γF*

−1
=ζ0 +ζ2 mq

2 

  fit: γF*
−1

=ζ0 +ζ1 mq+ζ2 mq

2 

β=5.75

7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
1/κ

0.23

0.24

0.25

0.26

0.27

0.28

1/
γ F

*

  data
  fit: γF*

−1
=ζ0 +ζ2 mq

2 

  fit: γF*
−1

=ζ0 +ζ1 mq+ζ2 mq

2 

β=6.10



Calibration (4)Systemati errors in �F�F = �(prop)F + Æ(stat)F + Æ(O(�a))F + Æ(O(a2))F (+Æ(hiral)F )Æ(O(�a))F  di�erene of �(PS)F and �(V )F� 1 % at � = 5:75, and almost vanish at higher �.Æ(O(a2))F  relativisti and lattie K-G dispersion relation� 3, 2 and 1% at � =5.75, 5.95 and 6.10, respetively.Æ(hiral)F  two types of �t: linear in m2q and quadrati in mqAt 1% level at eah �All systemati errors are under ontrol in the ontinuum limit.E�et on the meson masses:| 2 % error in F auses errors in masses less than 1 %.
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Light Hadron Spetrosopy (1)Light hadron spetrum is obtained with standard proedures.Gauge parameters: are same as in alibration.Quark: 4 �'s in the strange quark mass region,with �F in the hiral limit.� � F Nonf:5.75 0.1210, 0.1220, 0.1230, 0.1240 3.909 2005.95 0.1230, 0.1235, 0.1240, 0.1245 4.016 1006.10 0.1230, 0.1235, 0.1240, 0.1245 4.034 100Lattie sale:2 Hadroni radius r02 K� meson massQuark masses mn (u and d) and ms are set by m� and mK.Chiral extrapolation: in terms of m2PS.
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Light Hadron Spetrosopy (2)Spetrum for physial quark masses (sale set by r0)| Compared with the result on isotropi lattie (in a! 0)UKQCD Collab., Phys.Rev. D 62(2000) 054506.
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Light hadron spetrum is onsistent with the results on isotropilatties.



Light Hadron Spetrosopy (3)E�et of systemati errors on the spetrum:the same simulation at0F = �F + ÆF ÆF = 0:1 (2.5% shift)

0.000 0.005 0.010 0.015
< mPs

2
(mi ) >

0.10

0.15

0.20

0.25

m
as

s

  Vector meson
  Octet baryon
  Decuplet baryon

β=6.10

The hange of spetrum for physial quark masses is less than1%.



Heavy-light meson deay onstant (1)Simulation:On the same latties as alibration at � = 5:95 and 6:10.2 Quark parameters(�; F ) and meson masses with degenerate quarks:� � F mPS mV5.95 heavy 0.1020 3.858 0.6016(28) 0.6113(28)0.1060 3.9130.1100 3.954 0.4297(19) 0.4427(19)0.1130 3.977 ' 0.385light 0.1235 4.016 0.13190(43) 0.1754(11)0.1240 4.016 0.11702(47) 0.1654(14)0.1245 4.016 0.10063(53) 0.1555(19)6.10 heavy 0.1060 3.957 ' 0.4980.1090 3.981 ' 0.4360.1120 4.000 ' 0.3770.1150 4.014 0.3067(12) 0.3176(13)light 0.1235 4.034 0.11595(31) 0.1489( 7)0.1240 4.034 0.10142(33) 0.1395( 8)0.1245 4.034 0.08535(36) 0.1310(12)(Meson masses are in temporal lattie units.)� F for light quarks are �F in the massless limit.� F for heavy quarks are from the linear �t of �F in m2q.Present results are at preliminary level.Æ Mathing: tadpole improved tree level.Æ Light quark mass: in the hiral limit.Æ Only PS meson deay onstants.Æ Systemati unertainties are not examined.Cf. Mathing oeÆients with one-loop perturbation:J. Harada et al., Phys. Rev. D 64 (2001) 074501.



Heavy-light meson deay onstant (2)Heavy-light meson dispersion relation:Same analysis as in the alibration)�F for heavy light meson.Result at � = 5:95 (with Nonf = 200):�h �l �PS �V0.1020 0.1235 3.912(56) 3.912(92)0.1020 0.1245 3.914(79) 3.89(13)0.1130 0.1235 3.949(57) 3.953(93)0.1130 0.1245 3.946(73) 3.90(12)| Almost onsistent with � = 4.Small di�erene from � is partially due to the systemati e�et.) E�et on the spetrum and deay onstants is to beexamined.



Heavy-light meson deay onstant (3)Result for PS deay onstant:� Lattie sale is set by K� meson mass.� Tadpole improved tree level.� (u; d) quark mass is approximated with massless limit.� s quark mass is set by K meson mass.deay onst. � = 5:95 � = 6:10f� 160.9(2) MeV 139.4(2) MeVfK 186.7(2) MeV 165.2(2) MeVfD 251.7(3) MeV 225.5(3) MeVfDs 269.8(2) MeV 242.2(2) MeVfD=f� 1.564(3) 1.618(3)fDs=fK 1.445(1) 1.466(2)fDs=fD 1.0721(3) 1.0740(4)Saling of fPSpmPS (( heavy quark symmetry):Consistent behavior with other lattie works.
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Heavy-light meson deay onstant (4)Comparison with other works:



Conlusion and Outlook(1). We implemented the O(a) improved Wilson quark ationon the quenhed anisotropi lattie at three � in the quark massregion from the hiral limit to the harm quark mass region.2 Systemati errors are totally a few perent, and dereasetoward the ontinuum limit.2 Light hadron spetrum at physial quark mass:onsistent with results on isotropi lattie.hanges 1 % for the 2 % hange of bare anisotropy.| The systemati unertainties due to the anisotropy areunder ontrol.(2). Preliminary result of heavy-light meson deay onstant isenouraging for further appliations.2 Other deay onstants, form fators, exited state spetrum.2 Further improvement to removing systemati unertaintiessuh as nonperturbative renormalization2 Simulations with dynamial quark e�et| Need more eÆient proedures for alibration


