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Masses of singly and doubly charmed baryons are calculated in quenched lattice QCD using an improved
action of the D234 type on an anisotropic lattice. The mass differences between spin 3/2 and spin 1/2 baryon
states are calculated and compared with mass differences between vector and pseudoscalar mesons. The
suppression of spin splittings in mesons containing heavy quarks, characteristic of quenched QCD simulations,
is not observed in the baryon sector. The mass dependence of color hyperfine effects is discussed within the
context of the quark model and heavy quark effective theory.
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[. INTRODUCTION In Sec. IV we try to compare spin splittings in baryons
with those in mesons. It turns out that, for a subset of me-
Quenched lattice quantum chromodynami@CD) does  sonic and baryonic states, there is a very simple mass depen-
reasonably well at describing hadronic phenomena. Howdence of color hyperfine effects. In fact, over the whole mass
ever, there are a few well established instances where tH@nge where experimental masses are available the ratio of
quenched approximation clearly fails to reproduce experimeson to baryon mass difference is remarkably constant.
mental values. One well studied example is the persistenthis fact is used as a benchmark against which to view our
underestimate of mass differences between vector and psefgitice QCD results. It is suggested that, whereas quenched
doscalar mesons containing heavy qudf{sWhile the situ- lattice QC_D ur_lder_estlmayes_mesor_nc spin spllttmgs, in bary-
ation is still unsettled, the first attempts with unquenched®ns the situation is qualitatively different with no suppres-
simulations do not yet resolve this discrepari@-4] so,  Sion of spin §pl|tt||jg_5 being observed._ Rather there is a ten-
clearly, a better understanding of color hyperfine effects irfléncy for spin splittings to be overestimated.
lattice QCD would be helpful. One way to proceed is to
explore the situation in heavy baryons. Unfortunately, this is Il. METHOD
not so easy since spin splittings in the baryon sector are
smaller than in mesons while lattice QCD correlators for The calculation is done on an anisotropic lattice using
baryons(especially spin 3/2 stateare noisier than those of gauge field and quark actions that are improy8fby re-
mesons. An early work5] suggested that spin splittings in moving tree level errors up t®(a?) and introducing renor-
heavy baryons are indeed very small, but later studies fomalization factors for the gauge links to remove the domi-
charmed baryon$6] and for bottom baryon§7] obtained nant errors due to tadpole fluctuations. The tadpole factors
results more in line with phenomenological expectations. are estimated using the expectation value of the gauge field
In this paper we present further results for charmed barylink in Landau gauge. These actions have been used previ-
ons using the approach p6]. Calculations were carried out ously for heavy-light meson®] and in a preliminary study
for lattices with different values of the lattice spacing. As of charmed baryong5]. The expressions for the actions are
well, the physical size of the lattice was increased comparediven in the Appendix.
to that used irf6]. Hadron masses are calculated from zero-momentum cor-
Section Il presents some details of the lattice simulationrelation functions in the usual way. This choice of interpo-
The calculations are done with an improved action of thelating operators for the hadrons is not unique. Bslike
D234 type[8] on an anisotropic lattice. This action has beenbaryons containing quarks with two different flavo(de-
used and described previously so the detailed expressions areted byQ andg) a common choic¢l0] is
relegated to an Appendix. The results are given in Sec. lll
along with some discussion about the fitting procedure and abg 4T
about the estimate of systematic errors. No attempt was €10aC75Qnlde. @D
made in the present work to do a continuum extrapolation. At
each lattice spacing, a number of systematic effects haveherea,b,care color indices and Dirac indices have been
been identified and estimates were made for uncertaintiesuppressed. Taking=u and Q=d, this operator will give
induced in masses and mass differences. These include tHge usual interpolating operator for the proton and, as dis-
overall scale uncertainty, the choice of time window for fit- cussed in Refl6], it is advantageous to use this operator for
ting correlation functions, and ambiguity in fixing the strangeall flavor combinations as this gives a unified analysis over
and charm quark mass and in the extrapolation to physical ufhe whole mass range. For t&g, , which has light quarks of
and down quark masses. different flavor coupled to spin 1, the operator
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TABLE |. Parameters for lattices used in this work.

1 ab a ab T ’
%{E C[Ea CysQplacte C[qaCVSQb]qc} (2.2

Size Configurations a; * (GeV) Us Uy
symmetrized in the light quarks is used. Thdike baryons 2.1 12x32 720 1.80842) 0.7858 0.9472
containing a heavy quark can be interpolated using an oper@-3 14x38 442 2.210/2)  0.8040 0.9525
tor of the form 25 18x46 325 2.62867 0.8185 0.9564
€27 q:Cysa1]1Qc - 2.3
T192C¥5051Qc (2.3 1L RESULTS

A more symmetrical choice would be the octet lambda Calculations were carried out for three different sets of

1 guenched gauge configurations on anisotropic lattices with a
_— _abc T / T 't T bare aspect ratia;/a;=2 and spatial lattice spacing varying
2(qg,C +[q,C C s/t
\/66 {2002C 5851 Qc +[daC75Qp10c ~ [Aa C5Qulact from about 0.22 to 0.15 fm. Gauge fields were constructed
(2.9 using a pseudo-heat-bath Monte Carlo algorithm with 400
o ) ) o ) (B=2.1) to 800 3=2.5) sweeps between saved configura-
which is degenerate with thein the SU3) flavor limit. This  tions. Fixed time boundaries were used in calculating the

choice is consistent with the idea of using operators thagyark propagators. The parameters for the lattices are given
allow for a unified calculation over all masses. In fact, it wasin Table I.

found that the operator@.3) and(2.4) give masses that are  sjx values of the hopping parameter were used and are

consistent within statistical errors, so results using®#) Jisted in Table II. The smallest values were chosen in the
are reported in this paper. region of the charm quark and the four larger values were
For spin 3/2 states we use the simple operéappropri-  ysed for extrapolating to the light,d) quark mass. The tem-
ate for the heavy quark limit poral lattice spacing was fixed by calculating theneson
abor T , mass. As is well known, quenched lattice QCD does not give
€°70aC 7,51 Q¢ (2.9 a mass spectrum in perfect agreement with experiment so

alternative ways to fix the scale would lead to different val-
ues. This is an intrinsic limitation of the quenched approxi-
mation. The hopping parameters corresponding to the strange
and charm quark masses were fixed from ¢ghemeson and
meson, respectively. These are the values given in Table II. A
systematic uncertainty in these quark mass determinations
was estimated by also using the kaon dng masses.

2.6 The masses of hadrons containing up and down quarks

—(ad: — L Lo,
Cij(D=(90%; =37 7)) Cal )+ 5717 CardD), have to be extrapolated into the light quark mass region. This

where the subscripts 3/2 and 1/2 denoted the spin proje $ done by gxtrapolating the masses .calcuIaFed at the fo_ur
tions. By choosing different Lorentz components the quantit argest hopping parameters as a function of pion mass using

: 2 3
Ca(t) is extracted and used to determine the mass of thd1® functionCo+c,mz+csmz. In some cases the mass to be
spin 3/2 states. extrapolated appears to be described very well by a function

Hadron correlators were calculated using interpolating opWithout anm term. In such cases, where the coefficiegt
erators in local form at both source and sink and also applycOmes out to be not statistically significant, the difference
ing a gauge invariant smearing to the quark propagators &etween a quadratic extrapolation and a quadratic plus cubic
the sink. The gauge invariant smearing function Bcg) of extrapolation is included as a contribution to the systematic
Ref. [13] was used. Hadron masses were obtained by a skTOr. _ o
multaneous fit to local and sink-smeared correlators, taking SOome representative results of the mass determination are
into account correlations between different time slices withShown in terms of so-called effective mass plots for singly
the inverse of the covariance matrix obtained using singulah€avy baryons in Figs. 1 and 2. The effective mils) is
value decomposition. Two exponential functions are used if[9(t)/g(t+1)] whereg(t) is the zero-momentum time cor-
the fit to the local correlator. The sink-smeared correlatiorf€lation function for the hadron. The solid line in the figures
function is fitted by a single exponential using a mass param- _ -
eter constrained to be the same as the ground state mass of 'ABLE Il. Hopping parameter values. The quantitiesand «.
the fit to the local correlator. The time window for the fit was &€ the hopplng_parameter values associated with strange and charm
obtained by fixing the ending time to be sufficiently large soduarks, respectively.
that the fits were not sensitive to its value and by varying the }
starting time so that a minimum gf (typically around 1 per s K(#) (D)
degree of freedoimwas achieved. Fits with starting timesl 2.1 0.175,0.176,0.229,0.233,0.237,0.240  0.2338 0.1739
time step away from the time giving the minimugpf were 2.3 0.183,0.189,0.229,0.233,0.237,0.240  0.2371  0.1875
used to estimate the systematic uncertainty associated withs 0.193,0.197,0.230,0.234,0.238,0.240  0.2382 0.1964
fixing the fitting time window.

for all states since there are indicatigiid] that the more
symmetrical form used ifi6] leads to essentially identical
results.

The spin 3/2 field2.5) propagates both spin 1/2 and spin
3/2 stateg12]. At zero momentum the correlation function
with spatial Lorentz indices has the general fdisn
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FIG. 1. Effective masd(t) versust for spin 1/2 baryonqq with (8) «q=0.233, kg=0.183; (b) kq=0.233, xo=0.189; () «q
=0.237,xo=0.183; (d) k4=0.237,xo=0.189. The solid line indicates the ground state mass and the dashed lines the statistical error.

shows the ground state mass obtained by a simultaneous fit IV. DISCUSSION
to the local and smeared correlation functions plotted over

the time window of the fit, and the dashed lines indicate the In order to see how our results for charmed baryons and

. articularly for the spin splittings fit into the overall scheme
bootstrap error. Note that a two exponential form was used t Coen . ) . :
! . of hadron physics, it is useful to start with a slight digression
fit the local correlators. Corresponding results for doubly

heavy baryons are given in Figs. 3 and 4. and consider the spin splittings of pseudoscalar and vector

. . . mesons. It is well known that for vect n lar
The results for singly charmed baryons are given in Table esons. ftis we 0 atfor vectdv) and pseudoscala

I1l. The first error is the statistical error which is calculated (P) meson pairs of the forr@q, whereq is up or down and

. ) . . O is any light or heavy flavor, the squared mass difference
using a bootstrap analysis employing a bootstrap sample siz&,™ M2 i imatel tant f Il Thi
equal to the configuration sample size. The second error is v p IS approximately constant for all flavo. This

the combined systematic error. This includes the overal["8SS relation was first derived within the framework of

scale uncertainty and the uncertainty due to choice of thgtrmgllke models for hadrons by imposing the constraints of

correlation function fitting range as well as strange andghlral symmetry[17-19. It can also be understood in the

L . uark model with a linear confining potentigd0] and, for
charm quark mass uncertainties and lightd) quark mass heavy-light mesons, from heavy quark effective theory

extrapolati'on ambiguity, where applicable. For comparison(HQET) [21]. For our purposes it is useful to factorize the
the experimental values are also shown, where they argq ared mass difference and make a plot of the spin splitting
known. AM ne=My—Mp versus the inverse of the average meson
The masses of doubly charmed baryons were also calcynassm ave=(My+Mp)/2. This is given in Fig. 5 where the
lated and are given in Table IV. No doubly heavy baryonsjine is the best linear fit to the experimental points shown by
have been observed yet in experiments but one may hopfiangles. The meson pairs included in the plot éser),
that this situation will change in the not too distant future (K* K), (D*,D), and B*,B). The remaining points in Fig.
(see Ref[16] for a review of the possibilities for experimen- 5 are the results from quenched lattice QCD calculations.
tal observation Note also that the spin splittings for the The squares are results of the present simulation and the
doubly charmed baryons are as large as and perhaps eveincles are representative results collected from a variety of
larger than those in the singly charmed sector. published paperf7,9,22,23. The underestimate of color hy-
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FIG. 2. Effective masdV(t) versust for spin 3/2 baryonqq with (8) «q=0.233, kg=0.183; (b) kq=0.233, xo=0.189; () «q
=0.237,xo=0.183; (d) k4=0.237,xo=0.189. The solid line indicates the ground state mass and the dashed lines the statistical error.

perfine effects by quenched lattice QCD can be seen clearlplotted versus the averaged meson mass. The ratio is con-
We would like to have a similar global view of spin split- stant to within about 2% and the solid line is the average
tings in the baryon sector. In fact the string models that prevalue 2.13. This remarkable result was anticipated by Lipkin
dict the meson squared mass difference relation give a simi25] (see also Lipkin and O’'DonnefR6]) within the frame-
lar relation for baryong18]. However, if one plots the Work of a quark model although it required a number of
baryon mass differencAM,=Ms,— M, versus the in- assumptions. For mesons and baryons with a single heavy
verse of the average baryon masd s, +M,)/2 for the quark, HQET also implies a constancy in the meson to
well measured baryon paira(N), (3*,3), and &* ,3,), baryon spin spllttmg, but the effective theory cannot predict
it is found empirically that the relation is not linear. On the theovalue oflctjhlgkrat|o. hat latti dicts for th
other hand, if one uses the average meson rEssociating ne would like to see what lattice QCD predicts for the

db ith th f hiantal t meson to baryon mass difference ratio. Unfortunately the
mesons and baryons wi € same flavor comaniaimost - o9 agsociated with extrapolation preclude a very precise

exact linear relation is found. This is shown in Fig. 6 whereyatarmination. For this reason we choose to present unex-
the triangles are experimental data and the line is the be%tapolated results, fixing the “light” quark at a kappa value
linear fit. The results of the present simulation as well as,ear that of the strange quark. The results@ayq baryons
some results of published quenched lattice calculation@q mass fixed,Q mass variableare shown in Fig. 8. The
[23,24 are also shown in Fig. 6. Unfortunately, masses in thesalculated ratio is quite constant especially for the simula-
baryon sector are not determined with the same precision afons at highes where the results are more precise. The fact
for mesons, but a clear qualitative difference from Fig. 5 carthat the ratio falls below the empirical value, shown by the
be seen. No suppression of the spin splitting is evident. Alsolid line in Fig. 8, is an indication that the suppression of
though not completely conclusive, there may be a tendencgpin splittings is not present in baryons in the same way as it
for baryon spin splittings to be overestimated. is in mesons.

The linearity of the experimental results for mass differ-  For doubly heavy baryons one can make definite predic-
ences plotted versus a common variable in Figs. 5 and fions for the relation between mesonic and baryonic spin
implies that the ratio of mass differences should be constangplittings. Consider the simplest possible quark model in
This is shown in Fig. 7 for the experimental data where thewhich only quark masses and the color hyperfine interaction
ratios of the meson to baryon mass differenceserm are taken into accouf7,28. The operators for meson
(p,m)/(A,N), (K*,K)/(2*,%), and O*,D)/(2¢ ,2.) are  and baryon mass are
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FIG. 3. Effective massVi(t) versust for spin 1/2 baryon®QQq with (a) x,=0.233, ko=0.183; (b) x,=0.233, ko=0.189; () «,
=0.237,k5=0.183; (d) kq=0.237,k5=0.189. The solid line indicates the ground state mass and the dashed lines the statistical error.

M mes= My + My +a(o; - 65)/mym,

and

Mpar=

1 R
m; + My + Mg+ EE ajj(G;- Gy)/mm.
i>]

(4.1

4.2

Note the factor of 1/2 in the last term of E4.2). This
reflects the reduction in the strength of the gluon exchanggingle heavy compact antitriplet color source, it is reasonable
between quarks in a color antitriplet state relative to thatgy expect that! o~C so that

between a quark and antiquark in a color smglet Evaluating a

the above expressions for mesd@g and = baryonsQQq

one finds
M(P) + 3¢
=Mg+Mg— ,
° mmg
M(V)=m,+mg+ ,
q Q aMo
C¢ c,
— QQ qQ
M(Egg)=Mg+2mg+2{ —%— ,
(Eqo) =My +2Mg 4mj mme]
M(ESo)=mg+2my+2 QQ +C‘;—Q
‘—’QQ q Q 2mme ’

4.3

(4.4)

(4.9

(4.6

where the coefficients andc’ depend on the probability of
finding the interacting quarks at zero separation. The relation
between the spin splittings is

3¢,
AMbar:Z %QAM mes- 4.7

Now, if it is assumed that the two heavy quarks act as a

3
AMpg 7 AM e, 4.9

This diquark picture for doubly heavy baryons can also be
analyzed in a heavy quark effective theory. This has been
done in an elegant formulation utilizing a superflavor sym-
metry to relate hadrons containing a heavy vector diquark to
those with a heavy spin 1/2 antiqudr&9].

Although no evidence yet exists that for doubly heavy
baryons the ratio of meson to baryon spin splittings is a
constant function of quark mass, our lattice calculations sug-
gest that it might be so. Figure 9 shows the ratio of unex-
trapolated results foQQq baryons(q mass fixed,Q mass
variablg. The long dashed line in the figure is the value of
the ratio obtained experimentally for the strange quark, that
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FIG. 4. Effective massVi(t) versust for spin 3/2 baryon®Qq with (a) x;=0.233, kq=0.183; (b) x;=0.233, ko=0.189; () «q
=0.237,xo=0.183; (d) k4=0.237,xo=0.189. The solid line indicates the ground state mass and the dashed lines the statistical error.

is, theK* —K mass difference divided by tHg* — = mass
difference. The short dashed line is the prediction @®g).

might expect thataQ< c. This implies that spin splittings in
singly heavy baryons are smaller than in doubly heavy bary-

Equation (4.7) was derived explicitly for the doubly ons containing the same quark flavors. This expectation is
heavy = qq.E5q System but the same expression holds forborne out empirically for the strandgs and E's but given
singly heavy baryons. In this case there is no simple relatiothe statistical and systematic errors there is no clear evidence
betweenc,, andc but, since the gluon interaction between from our lattice simulations for charmed baryons.
quarks is weaker than between a quark and antiquark, one Finally, we note that, if it is assumed that the ratio

TABLE Ill. Masses of singly charmed baryons. Masses are given in GeV; mass differences are in MeV.
The first error is the statistical error and the second is the combined systematic error. The experimental values
are taken fron{14] except forg/. which is from[15].

B
2.1 2.3 25 Experiment
A 2.272(32)8) 2.295(11) ) 2.333(20)¢9 2.285
S 2.379(31) &) 2.490(14)%) 2.493(22)8) 2.455
3k 2.440(36)¢) 2.572(16)&) 2.569(26)63) 2.519
=8 2.455(17)¢) 2.462(14)8,) 2.481(14)¢,) 2.468
=} 2.531(17) &) 2.594(12)6) 2.604(13)8,) 2.560
=} 2.583(20)49 2.675(15)4) 2.682(15)4) 2.645
Q. 2.671(11)E) 2.669(10)§) 2.700(11)§) 2.704
Qr 2.722(12)¢9 2.772(12)¢) 2.769(12)¢)
S¥-3, 62(33)6)) 82(12)¢) 76(19) (%) 64
Br-E. 52(15)€) 82(10)€) 77(9)¢) 70
Q-9 50(17)6) 73(8)() 69(7) @)
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TABLE IV. Masses of doubly charmed baryons. Masses are 5
given in GeV; mass differences are in MeV. The first error is the
statistical error and the second is the combined systematic error. 4 L i
B —
2.1 2.3 25 % 3 i .
S,
= 3.608(15)£)  3.595(12)¢)  3.605(12)) 5
E¥ 3.666(18)8)  3.678(15)85  3.685(14)¢) > °r 7]
Qe 37479)(G)  37219)G)  3.7339)()
Qr, 3.804(13)t)  3.800(11)8)  3.80%9)() 1+ s
EteEec  58(14)() 83(8) (o) 80(10)€)
0f—Qec 57(8)6) 72(5)6) 68(5)€) o . . . .

0.0 0.5 1.0 1.5 2.0 2.5
) ) l/Mave(mes) [Gev_l]

AM e/ AM g, IS cOnstant as a function of quark mass for , . ,
doubly heavy baryons just as it is for singly heavy baryons FIG. 6._ The mass dlfferenc_e between spin 1/2 and spin 3/2
then using the experimental values of fReand Z* masses baryon pairs plotted versus the inverse of the average mass of vec-
along with the known meson masses yields t;e phenomenégr and pseudoscalar mesons with the same flavor. Triangles are
logical predictions y experimental values, circles are results of quenched lattice calcula-

tions taken from the literatur3,24], and squares the results from

= = _ the present work. The line is the best linear fit to the experimental
Eic— Bcc=76.6 MeV points,
and are in fair agreement with experimental data where they are
Eib— Eppb=24.5 MeV. available. Masses and mass differences at the smallest value
of the gauge couplindlargest lattice spacingtend to be
V. SUMMARY smaller, perhaps reflecting larger finite lattice spacing errors.

The main focus of our work was the mass difference due
Masses of charmed baryons were calculated in quenched spin dependent interactions. It is well established that in
lattice QCD using improved gluon and quark actions on amjuenched lattice QCD the mass differences between vector
anisotropic lattice. The actions were improved to remove treand pseudoscalar mesons are underestimated for mesons
level errors up toO(a?) and tadpole factors, estimated by containing heavy quarks. The present simulations show no
using gauge field links in Landau gauge, were introduced t@omparable suppression of splittings between spin 1/2 and
remove the dominant errors due to tadpole fluctuations.  spin 3/2 baryons. Our results and results taken from the lit-
Calculations were done at three different values of theerature indicate a tendency for baryon spin splittings to be
gauge coupling constant with the spatial lattice spacing varyeverestimated, but this is not established definitively due to
ing from 0.22 to 0.15 fm. The results at the two largest val-relatively large errors associated with baryon mass determi-
ues of the gauge coupling are compatible with each other andations.

.8 T T T T 3 T T
6 r 7 A I
— L2 L 4 _
% .
2 =
L4 T . ~
£ g g
= =
< <11 | .
2 F -
0 ¢ ! ! ! ! 0 . |
0.0 0.5 1.0 1.5 \ 2.5 0 1 2 3
1/Mave [Gev_] M [GeV]

ave

FIG. 5. The mass difference between vector and pseudoscalar FIG. 7. The ratio of the mass difference between vector and
meson pairs plotted versus the inverse of the average mass. Tpseudoscalar mesons to the mass difference between spin 1/2 and
angles are experimental values, circles are results of quenched lapin 3/2 baryons for hadrons with the same flavor content plotted
tice calculations taken from the literatufé,9,22,23, and squares versus average meson mass. The triangles are experimental data for
the results from the present work. The line is the best linear fit to thé p, =)/ (A,N), (K*,K)/(3*,X), and ©*,D)/(2% ,3.). The line
experimental points. is the average value.
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3 finitive experimental determination of tf&; mass to extend
this analysis to thd-quark region would be extremely use-

ful.
“ Our lattice QCD results are compatible with a mass inde-
pendent meson to baryon spin splitting ratio for both singly
and doubly heavy baryons. However, the more precise re-
%& %% sults obtained at our larger values of the gauge coupling
indicate a ratio for singly heavy baryons smaller than the
1+ . empirical value. This can be interpreted as another indication
that the suppression of spin splittings found for mesons does
not occur for baryons. For doubly heavy baryons our pre-
ferred values for the meson to baryon ratio lie below the
0 ! ! value obtained by using the masses of the doubly strange
1 2 3 hyperonsE and=*. Clearly, the experimental observation of
M,,, [GeV] doubly heavy baryons and the systematic investigation of
their spin splittings would be very interesting indeed.
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FIG. 8. Lattice simulation results for the ratio of the mass dif-
ference between vector and pseudoscalar mesons to the mass dif-
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To get an overall view of the spin splittings it was useful
to consider the scaling of mass differences with the averag
meson mass as one changes quark flavors. For mesons t
relation[17] predates QCD. We have found it useful to ex-
tend the same scalin@ith average meson mas® mass
differences between baryons. A relation between meson and
baryon spin splittings, which is implied by this scaling, was APPENDIX: THE LATTICE ACTION
anticipated by Lipkin[25] from a quark model analysis.
From the point of view of QCD, a mass independent ratio of
flavored mesons and baryons. using heavy quark effectiih the tadole factors, andu, defined as the mean links
theory, but how to extend this result to light flavor hadrons i Landau gauge in spatial and temporal directions, respec-
not clear. Nonetheless, a constant meson to baryon mass dH‘\—’er' , o
ference ratio is satisfied remarkably well by experimental The gauge field action is
data for quark flavors from light to charm. Obviously, a de-

The lattice action has two terms: gauge action and quark
ction. The entire action is classically and tadpole improved
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FIG. 9. Lattice simulation results for the ratio of the mass dif- fi€ld coupling constant. The subscripts “ps” and “rs” denote
ference between vector and pseudoscalar mesons to the mass diRatial plaguettes and spatial planar 2 rectangles, respec-
ference between doubly heavy spin 1/2 and spin 3/2 baryogs at tively. Plaguettes in the temporal-spatial planes are denoted
=2.1 (triangles, 2.3 (circles, and 2.5(squares The long dashed Dy “pt,” while rectangles with the long side in a spatial
line is the experimental value forK¢,K)/(E*,E). The short (temporal direction are labeled by “rst(“rts” ). The leading
dashed line is the prediction from E@t.8). classical errors of this action are quartic in lattice spacing.
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CHARMED BARYONS IN LATTICE QCD

An action of the D234 typ€8] is used for the quarks with
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Dai(X) = g(x) (1= Ey))U; () U (x+ 1) gh(x+21)

coefficients set to their tadpole-improved classical values. Its

leading classical errors are cubic in lattice spacing:
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where k denotes the hopping parameter and
Di(X) = ¢(X) (1= Ey) Ui () (X +1) + h(x+1)
X (1+ Ey)UT (X g(x), (A3)
D1:(X) = (X) (1= y4)U4(X) h(x+1) + p(x+ 1)
X (1+ ) U500 $(x), (A4)

NUT)p(x),
(A5)

+P(x+21) (1+ £y UT (x+

Di(X) = (X) (1= y4) U4(X)U 4(x+ 1) o(x+ 21)

+ (x4 20) (14 y) US(x+ DHUR(x) (%),
(A6)
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