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Some time ago a slightly improved variant of bag model (the modified bag model) suitable for the unified description of light
and heavy hadrons was developed. The main goal of the present work was to calculate the masses of the ground state baryons
containing bottom quarks in the framework of this model. For completeness the predictions for other heavy hadrons are also
given. The reasonable agreement of our results with other theoretical calculations and available experimental data suggests that
our predictions could serve as a useful complementary tool for the interpretation of heavy hadron spectra.
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1. Introduction

During the last decade a significant progress has
been achieved in the experimental and theoretical stud-
ies of heavy hadrons (for review see [1]). In the near-
est future a considerable amount of new experimental
data in the bottom (beauty) sector is expected from the
Large Hadron Collider (LHC). Therefore the theoreti-
cal calculation of the masses of heavy baryons contain-
ing bottom quarks becomes more urgent. Ideally, one
would like to obtain the hadron masses from the first
principles, say, performing the nonperturbative lattice
QCD calculations. But the available quenched lattice
predictions for heavy hadron masses [2—6] still suffer
from rather large numerical uncertainties due to finite
size effects, systematic and statistical errors. The fur-
ther progress in lattice QCD is connected with improved
calculations which take account of degrees of freedom
associated with the light (up, down, and strange) sea
quarks. Some preliminary results there already exist
[7], and impressive success of the lattice QCD in the
heavy hadron sector is the prediction of mass of the B,
meson [8]. Despite the lack of high accuracy, even the
so far available lattice calculations are of crucial impor-
tance for the consistent treatment of the heavy hadron
properties. First of all, they serve as a good starting
point for the further analysis of heavy hadron spectrum.
On the other hand, if one is interested only in calculat-
ing the mass splittings, then major uncertainties cancel
out and the accuracy of lattice predictions increases.
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Of course, there are other methods available: QCD
sum rules, heavy quark effective theory, various poten-
tial models, bag model, etc. As a rule, they are based
on some assumptions and approximations. However,
taken all together, they have become a powerful tool
capable to give reasonable predictions for the heavy
hadron properties. QCD sum rules is another (besides
lattice QCD) nonperturbative approach which could be
applied to study heavy baryon spectrum. Treatment
based on this approach [9, 10] provides the results con-
sistent with experimental observations, yet one must
not expect very high precision in this case. Another
very fruitful and interesting approach is based on the
expansion in inverse powers of the heavy quark mass.
The effective heavy quark theory obtained in this way
has become rather popular tool in heavy hadron physics
and a new approximate heavy quark symmetry has been
discovered (for review see [11-14]. Various poten-
tial models are widely used and generally regarded as
being rather successful. Indeed, it is amazing how
well the potential model predictions fit large and var-
ied data set. Even the early treatments [15-17] pre-
dict the masses of many hadrons with good accuracy.
Among the recent treatments there are extensive de-
velopments of the traditional approach [18, 19], calcu-
lations using the method of hyperspherical harmonics
[20], solving the Faddeev equations [21], variational
calculations [22-24], nonrelativistic calculations using
quark-diquark approximation [25,26], etc. Relativis-
tic effects are taken into account by building up the
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relativistic quark models based on approximate solution
of the Bethe—Salpeter equation [27], or using quark-
diquark approximation to simplify relativistic dynam-
ics [28-30]. Almost all approaches give predictions in
fair agreement with data, at least in the charm sector.
This would seem to imply that there must be a truthful
basis in all this machinery. However, one should not
forget that the potential models are essentially of a phe-
nomenological nature. The interaction built into a par-
ticular model is in fact the effective interaction, there-
fore there must be no surprise that sometimes differ-
ent approaches give similar results and vice versa. One
possible and widely used form of the interaction, pro-
posed in the seminal work [31], imitates the one-gluon
exchange. Other examples of the effective interactions
used in the heavy hadron spectroscopy are: the phe-
nomenological extension of the instanton-induced force
[27] and the flavour dependent interactions suggested
by the Goldstone-boson exchange [20,32,33]. Some
mixture of one-gluon-exchange and Goldstone-boson-
exchange induced interactions is also possible [22, 34].
The bag model was originally designed for the ultrarel-
ativistic case of the light quarks [35]. The first straight-
forward application of the model to calculate the spec-
trum of the hadrons containing heavy quarks was not
very successful [36]. Later on, there were several at-
tempts to calculate the spectrum of the heavy hadrons
using improved versions of the model [37,38]. An-
other improved version of the bag model suitable for
the unified description of light and heavy hadrons was
proposed by present authors in the Ref. [39]. Now we
present our predictions for the masses of the ground
state baryons containing bottom quarks that are calcu-
lated using this version of the model (the modified bag
model).

The paper is organized as follows: Section 2 very
briefly describes the modified bag model. For more
details we refer to [39]. In the beginning of Section
3 we present our previous calculations (with some mi-
nor improvements) for the charm sector baryons and for
the heavy mesons belonging to the charm and bottom
sectors. Our results are compared with the estimates
obtained in various other approaches and with experi-
mental data where available. This may be regarded as
a test of the model and gives us some feeling of what
should be expected in the case of the bottom baryons.
Then the modified bag model predictions for the ground
state baryons containing bottom quarks are presented
and discussed. This is the main result of the present
paper. Finally, in Section 4 we conclude with the con-

siderations on the role of the bag model in the hadron
spectroscopy.

2. Modified bag model

The calculation of the ground state hadron mass pro-
ceeds in two steps. First, the so-called bag energy asso-
ciated with particular hadron is calculated. It depends
on the bag radius R and is defined by

E=FEy+Eg+ Ey + Ec, (D)

where )y is the bag volume energy,

47

By = - BR?, ©)
and E is the sum of single-particle quark energies,
EQ = Z N;E; . (3)
i

In order to determine the numerical values of eigenen-
ergies ¢; the free Dirac equation is solved for each
quark subject to linear boundary condition that ensures
the vanishing of all vector currents at the bag surface.
FEs and E¢ are the colour-magnetic and colour-electric
(Coulomb) interaction energies. They can be calculated
explicitly [39]. The numerical value of the bag energy
is obtained minimizing (1) as a function of R.

The quarks in the bag are not in an eigenstate of the
total momentum. A part of the bag energy is spuri-
ous and comes from the motion of the centre-of-mass
(c.m.m. problem). In order to obtain the mass of the
hadron it is necessary to incorporate the c.m.m. correc-
tions, in some way. We follow the Ref. [40] and assume
the relation between the calculated bag-model energy E
and the mass M of particular hadron to be

E = /d% DL(s) /M2 + 52, 4

where ®p(s) is a Gauss profile,

3\ 352
Op(s) = <27TP2> exp <—4;2> )]

The effective momentum P which specifies the mo-
mentum distribution is defined by

P?=7) npj, ©6)

where p; are the momenta of the individual quarks and
v is the model parameter governing the c.m.m. correc-
tion.
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Table 1. Parameters (in GeV)
used to determine the behaviour
of the mass functions 75 (R).

f s c b

my 0.161 1458 4.793
6 0156 0.112 0.061

In order to obtain the mass of the particle, Eq. (4) is
to be solved numerically. However, in the presence of
bottom quarks this equation is practically equivalent to
the relation [40]

M?*=FE%*_- p?, (7

and in this case we prefer to use this simple relation
instead of the rather cumbersome procedure based on
Eq. (4).

The interaction energies are computed to the first
order in the scale-dependent strong coupling constant
a.(R), and for the strange, charmed, and bottom quarks
we use the running mass 72 s (R) [39]. The light (up and
down in our case) quarks are assumed to be massless.

For the running coupling constant we use the expres-
sion proposed by Donoghue and Johnson [41]

27
ac(R) = 9In(A+ Ry/R)’

®)

where Ry is the scale parameter which plays the role
similar to QCD constant A. The model parameter A
serves to avoid divergences in the case when R — Ry.

For the mass function 772 ¢(R) we use the expression

mf(R) :ﬁlf-l-OéC(R)-CSf, )

thus, for each quark flavour there are two free model
parameters m ¢ and J .

Altogether we have ten free parameters in the model.
The four of them (B, ~, A, and Ry) were determined
by fitting calculated masses of light hadrons (N, A, T,
and the average mass of the w—p system) to experimen-
tal data. The numerical values of these parameters are
the same as in the Ref. [39]: B = 7.597 - 10~* GeV*,
Ry = 2.543GeV~!, A = 1.070,y = 1.958. In order to
fix the remaining six parameters (M, ds, M, O, Mp, Op)
necessary to define the mass functions 771 ¢(R) we have
employed the masses of vector mesons (¢, J /1, 1) ac-
companied by the mass values of the lightest baryons
Ay belonging to the corresponding flavour sector. The
results are presented in Table 1.

The numerical values of the parameters m, d., My,
and &, differ slightly from the corresponding values
adopted in [39] because in the present work we have

used new, more accurate mass values of A, (2.286 GeV)
and Ay (5.620 GeV) [42].

We end up this section with the remark about the
baryon mixing problem. It is well known that the hy-
perfine interaction mixes the wave functions of ground
state spin-1/2 baryons containing three quarks of dif-
ferent flavours [43]. In our case such baryons are =.
and =/, 5 and =, =, and Z}, Qe and ;.. In or-
der to avoid ambiguities associated with the ordering of
the quarks in the wave function |(q1¢2)°¢3) we simply
calculate the off-diagonal elements of the interaction
energy matrix with consequent matrix diagonalization
(for details see [44]). The alternative choice would be to
use the so-called optimal basis by picking up the heav-
iest quark as the third one in the spin coupling scheme
(q1q2)5q3 [43,44]. For the c.m.m. uncorrected bag
energies both choices give practically identical results.
The resulting mass values may differ slightly. This is
S0, because the spurious c.m.m. energy, which must
be subtracted from the hadron energy, depends on the
hadron bag radius Ry. When we are dealing with a
mixed set of wave functions, we minimize the trace of
the energy matrix, Ep + Egs, which remains invari-
ant under state mixing. So, in this case the bag radii
for both mixed hadrons coincide. On the other hand, if
the optimal basis is used, the natural choice would be to
minimize the energy of each baryon individually. Then
the radii of baryons under consideration are no longer
identical (practically the difference is quite small). The
shift in mass caused by such change of bag radii does
not exceed 2 MeV, which is obviously smaller than the
systematic uncertainties of the model and, in principle,
has nothing to do with the baryon mixing.

3. Predictions for the ground state hadron masses

Strictly speaking, the bag model is not derivable
from QCD and the quality of its predictions is not quite
clear. We can only compare the results of calculations
with experimental data (if available) as well as with cal-
culations using various other approaches. A good start-
ing point for such comparison ought to be the charm
sector. As a first step let us compare our predictions for
the hadrons from this sector with the results obtained in
other variants of the bag model. The results for hadron
masses and mass splittings are presented in Tables 2 and
3 respectively. The columns of the tables denoted as
MIT contain the original results from the Ref. [36]. In
Ref. [45] the quark—quark interaction is treated pertur-
batively. Moreover, in this work the nonphysical self-
energy term (which was present in the original MIT ver-
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Table 2. Masses (in GeV) of ground state hadrons from the charm

sector, calculated in five variants of the bag model as described in

the text. The column denoted as Exp contains averaged over iso-
multiplets experimental data.

Hadrons Quarks Exp Our MIT (451 [37] [38]

J /v e 3097 3.097 3.095 3.15 3.095 —
Ne e 2980 3.005 2931 305 2971 —
D cu 1867 1.834 1726 182 1.800 1.83
D* cu 2008 2002 1969 201 2009 2.01
D, s 1968 1965 1.885 198 1957 192
Dr s 2112 2119 2099 214 2.141 2.09
Ac cuw 2286 2286 2214 229 2243 228
S cuw 2454 2393 2357 242 2380 238
v cuw 2518 2489 2461 253 2481 249
=, csu 2469 2468 2396 248 2425 243
= csu 2577 2546 2507 — 2530 250
= csu 2646 2638 2.603 2.67 2.624 2.60
Qe css  2.697 2.697 2653 273 2678 2.6l
Qr css 2768 2783 2742  — 2764 271
Zee ccu 3519 3557 3538 3.66 3511 —
=5, ccu — 3661 3661 — 3630 —
Qee ces — 3710 3.690 382 3.664 —
Qr, ccs — 3800 3795 — 3764 —

Qeee cce — 4777 4827 498 4747 —

x — 0023 0067 003 0036 0.05

sion of the model) is omitted. In Ref. [37] the improve-
ment of the hadronic mass spectrum is achieved intro-
ducing some extra dependence of the bag energy on the
heaviest (inside the hadron) quark mass. The variant
of model used in Ref. [38] was constructed for hadrons
containing one heavy quark. In this approach the heavy
quark is treated as a point source of colour fields lo-
cated at the centre of the bag. The experimental values
are taken from the Particle Data Tables [42]. For the
isospin multiplets the averaged values are used here and
further on. To show the quark content of the hadrons
we use the symbols b, ¢, s for the bottom, charmed, and
strange quarks, respectively. For the sake of simplic-
ity the symbol u is used for both light (up or down)
quarks. The corresponding antiquarks are denoted as b,
¢, s, and u. In the last row of the Table 2 the values of
the root mean squared deviation from the experimenal
mass spectra

| X 1/2
X = NZ(MZ*MQX)
=1
are presented. The mass of the =.. baryon has not been
included in the summation.

We see from Table 2 that the original MIT results
are in serious conflict with experimental data and dis-
crepancies seem to be of systematic character. The im-
proved variants [37], [38], and [45] give evidently more

reasonable predictions. The agreement of our predic-
tions with available experimental data is rather good, al-
though there are some discrepancies. The most serious
problem common to almost all variants of bag model
seems to be the mass of 3. baryon (its analog ¥ in
the sector of light hadrons was also problematic [39]).
One possible way to improve the description of these
states would be the inclusion of chiral (pionic) correc-
tions [46—48], however, such extension is beyond the
scope of the present investigation.

Let us refer to the Table 3. There we compare our
predictions for some hadron mass splittings with exper-
imental data and other bag model calculations. For the
baryons all variants of the bag model give similar pre-
dictions about 30% larger than needed. This may in-
dicate that the interaction strength for baryons in the
bag model is somewhat overestimated, even in the ver-
sions of the model where the running coupling constant
is used. In the meson sector our predictions for the
D* — D and D} — D, mass splittings are better than
in other approaches, though still somewhat larger than
experimental values. For the J /1) —1). we together with
Ref. [45] predict somewhat smaller than required mass
difference. In general, we see that the overall agreement
of our predictions with available experimental data is
good (X, mass being the exception). Moreover, as a
rule, our predictions almost in all cases are better than
the predictions given by other variants of the bag model.
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Table 3. Mass splittings (in GeV) of some hadrons from
the charm sector, calculated in five variants of the bag
model as described in the text. The column denoted as
Exp contains experimental data.

Hadrons Exp Our

J/Yp—mne. 0117 0.092
D*—-D 0.141  0.168
D; —D, 0144 0.154
DI I 0.064  0.096
=r— = 0.069  0.092
Qe — Qe 0.071  0.086
Eie — Bece — 0.104
Qre — Qee — 0.090

MIT [45] [37] [38]
0.164 0.10 0.124 —
0244 0.19 0.209 0.18
0214 0.16 0.184 0.17
0.104 0.11 0.101 0.11
0.096 — 0.094 0.10
0.089 — 0.086 0.10
0123 — 0119 —
0.106 — 0100 —

Table 4. Masses and mass splittings (in GeV) for mesons belonging to the
charm sector, calculated in various approaches as described in the text.
The column denoted as Exp contains experimental data.

Mesons Quarks  Exp Our  [16] [49] [50,51]  [34]
J/ cc 3.097 3.097 310 3.10 3.096  3.097
Ne cc 2980 3.005 297 3.00 2979 2990
D cu 1.867 1.834 188 1.85 1.872 1.883
D* cu 2.008 2.002 204 202 2.009 2010
Dy cs 1.968 1965 198 194 1.967 1.981
D; cs 2112 2119 213 213 2112 2112

X — 0.017 0.02 0.02 0.002 0.009
J/p—ne. cc 0.117 0.092 0.13 0.10 0.117  0.107
D*-D cu 0.141 0.168 0.16 0.17 0.137  0.127
D; -Ds cs 0.144 0.154 0.15 0.19 0.145 0.131

23

It is also useful to compare the results of our bag
model calculations with the predictions obtained in
other (including more elaborated) approaches. Let us
start with the meson sector. In Tables 4 and 5 we com-
pare our predictions for the masses of heavy mesons
with the calculations in four different variants of the
potential model. We have chosen for this the rel-
ativized quark model [16], the model based on the
Bethe—Salpeter equation [49], the relativistic treatment
using quasipotential approach [50, 51], and one specific
variant of nonrelativistic potential model [34] where
the Goldstone-boson exchanges are considered together
with the one-gluon-exchange. The experimental values
are from the Particle Data Tables [42] with the exeption
of the 1, meson. The mass value of 7 is taken from
[52].

As can be seen from these tables, the overall agree-
ment of the heavy meson spectrum calculated in our
work with the experimental data is quite good. Inspect-
ing the meson mass differences we see that for the D
and B mesons consisting of one heavy (charmed or bot-
tom) and one light (up or down) quark the mass split-
ting obtained in our work is ~20% too large. For the D,
and B, mesons consisting of one heavy and one strange

quark the agreement with experiment is better, while the
predicted mass splitting is still too large. On the other
hand, for the c¢ system the mass difference of .J /1) and
7. predicted in our model is about 30% too small, and
we expect similar discrepancy for the T — 7. Regret-
tably, the discrepancy with experiment in this case is
more severe. Our result is approximately three times
smaller than experimental value, and this seems to be
the serious drawback of the model. Since the B, me-
son is made of two heavy quarks, we expect that our
prediction for the B} — B. mass difference should be
somewhat too small as well. So far, the B. meson is
the only well-established system containing two differ-
ent heavy quarks, and it naturally has attracted much
attention these years. In Table 6 we have collected a
number of predictions made by various authors for the
ground state mass values of the B, and B} mesons.
Except for the lattice QCD prediction [8] given in
the last column of this table and our estimate before it,
all others are the potential model calculations. The nu-
merical values of B, mass obtained in each model de-
pend on the particular potential and vary in the inter-
val from 6.24 to 6.29 GeV. Our prediction lies slightly
higher and so does the lattice value. A possible reason
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Table 5. Masses and mass splittings (in GeV) for mesons belonging to
the bottom sector, calculated in various approaches as described in the
text. The column denoted as Exp contains experimental data.

Mesons Quarks Exp Our [16] [49] [50,51] [34]
T bb 9460 9.460 946 9.46 9.460 9.505
s bb 9.389 9438 940 941 9.400 9.454
B bu 5279 5249 531 5.28 5.275 5.281
B* bu 5.325 5306 537 533 5.326 5.321
B; bs 5.367 5383 539 537 5.362 5.355
B; bs 5413 5436 545 543 5.414 5.400
B. be 6.276 6304 6.27 6.26 6.270 6.277
B be — 6.342 634 6.34 6.332 —

X — 0.027 0.03 0.01 0.005 0.031
T—m bb 0.071 0.022 0.06 0.05 0.060 0.051
B*—-B bu 0.046 0.057 0.06 0.05 0.051 0.040
B; — Bs bs 0.046 0.053 0.06 0.06 0.052 0.045
B —B. be — 0.038 0.07 0.08 0.062 —

Table 6. Comparison of various predictions for the masses (in GeV) of B,
and B mesons.

[53] [54] [55] [51] [56] [57] Our [8]

B. 6.247 6.253 6.264 6270 6.271 6.286 6.304 6.304
B 6.308 6.317 6337 6332 6338 6341 6.342 —
B —B. 0.061 0.064 0.073 0.062 0.067 0.055 0.038 —

for the mass of B, meson calculated in our model to be
slightly higher than potential model predictions may be
a supposed underestimate (look at the last row of Ta-
ble 6) of the interaction strength for the heavy-heavy
hadrons. Recent experimental results 6.276(+6) GeV
[58] and 6.300(%19) GeV [59] cover the range from
6.270 to 6.319 GeV and agree well with the theoretical
estimates. The discovery of the B, meson and almost
precise theoretical prediction of its mass is undoubtedly
a great success of experiment and theory.

Let us proceed to the spectra of heavy baryons.
We compare our predictions obtained in the modified
bag model for baryons from the charm sector (Ta-
ble 7) and for baryons from the bottom sector (Ta-
bles 8 and 9) with some other estimates and experimen-
tal data. The works we want to compare our results with
are: the baryon mass estimates in relativistic [29, 30]
and nonrelativistic [25,26] potential models with as-
sumed quark-diquark ansatz, usual nonrelativistic po-
tential model [19], variational calculations [23, 24], and
estimates obtained using various sum rules [60]. All
but the one experimental masses for bottom baryons are
from the Particle Data Tables [42]. The mass value for
) is taken from Ref. [61].

From Table 7 we see that for baryons with one heavy
quark (Z. and €. families) the predictions obtained in
all approaches are in good agreement with experimental

observations. The bag model predicts somewhat larger
mass splittings for the states Z* — =/, and 2} — Q, but
this does not spoil the fit substantially. For the corre-
sponding baryons from the bottom sector presented in
Table 8, our predictions are in agreement with almost
all other calculations again. So far there are only five
bottom baryons observed (A, 3, 37, 5, and ;). We
see that all predictions for =, compare favourably with
the experimental data. For ¥, X7 and X, X} baryons
the bag model unfortunately is a bad adviser, while the
potential model calculations fit well the experimental
data again. The experimental mass value of the doubly
strange b baryon €0 lies ~ 100 MeV higher than ex-
pected from the theoretical estimates. All calculations
in this case give similar results, and therefore it is hard
to understand such discrepancy. The only thing we can
say is that the {2, mass value observed in [61] still needs
additional confirmation.

Another serious test of any model should be the abil-
ity to predict the masses of the baryons containing two
heavy quarks. The only available candidate for this so
far is the =, baryon, although the situation is not quite
clear. The SELEX Collaboration has reported the ob-
servation of =.. in two different experiments [62, 63].
On the other hand, BABAR [64] and Belle [65] col-
laborations found no evidence of such baryon in their
searches. From Table 7 we see that only two calcula-
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Table 7. Masses and mass splittings (in GeV) of the charm sector baryons, calculated
in modified bag model and in other approaches as described in the text. The column
denoted as Exp contains experimental data.

Baryons Quarks  Exp Our [29,30] [25,26] [19] [23,24] [60]
Ac cuu 2286 2.286 2.297 — 2.268 2.295 2.285
Ye cuu 2454  2.393 2.439 — 2.455 2.469 2.453
P cuu 2.518 2.489 2.518 — 2.519 2.548 2.530
= csu 2469 2.468 2.481 — 2.466 2474  2.468
= csu 2.577 2.546 2.578 — 2.594 2.578 2.582
= csu 2.646 2.638 2.654 — 2.649 2.655 2.651
Q. css 2.697 2.697 2.698 — 2.718 2.681 2.710
Q css 2768 2.783 2.768 — 2.776 2.755 2.775
Sce ccu 3519 3.557 3.620 3478 3.676 3.612 3.676
=i ccu — 3.661 3.727 3.610 3.753 3.706 3.746
Qee ccs — 3.710 3.778 3.594 3.815 3.702 3.787
Q2. ccs — 3.800 3.872 3.730 3.876 3.783 3.851
Qece cce — 4.777 — — 4.965 — —
X — 0.027 0.008 — 0.012  0.015 0.007
DI I cuu 0.064 0.096  0.079 — 0.064  0.079 0.077
== csu 0.069 0.092  0.076 — 0.055 0.077 0.069
QF — Q. css 0.071 0.086  0.070 — 0.058 0.074  0.065
i — e ccu — 0.104  0.107 0.132  0.077 0.094  0.070
Q. — Qe ces — 0.090  0.094 0.136  0.061 0.081 0.064

Table 8. Masses (in GeV) of the bottom sector baryons, calculated in modified bag
model and in other approaches as described in the text. The column denoted as Exp
contains experimental data.

Baryons  Quarks Exp Our [29,30] [25,26] [19] [23,24] [60]
Ay buu 5.620 5.620 5.622 — 5.612 5.643 5.627
> buu 5.811 5.755 5.805 — 5.833 5.851 5.818
P buu 5.833 5.787 5.834 — 5.858 5.882 5.843
=p bsu 5.792 5.809 5.812 — 5.806 5.808 —
=) bsu — 5911 5.937 — 5.970 5.946 5.955
= bsu — 5.944 5.963 — 5.980 5.975 5.984
Qp bss 6.165 6.067 6.065 — 6.081 6.033 6.075
Qp bss — 6.096 6.088 — 6.102 6.063 6.098
Zbe beu — 6.846 6.933 6.82 7.011 6.919 7.029
Zhe beu — 6.891 6.963 6.85 7.047 6.948 7.053
Zre beu — 6.919 6.980 6.90 7.074 6.986 7.083
Qpe bes — 6.999 7.088 6.93 7.136 6.986 7.126
be bes — 7.036 7.116 6.97 7.165 7.009 7.148
Qpe bes — 7.063 7.130 7.00 7.187 7.046 7.165
Qpee bee — 7.984 — — 8.245 — —
Qpee bee — 8.005 — — 8.265 — —
Zpb bbu — 10.062 10.202 10.093  10.340 10.197 —
Z bbu — 10.101 10.237 10.133  10.367 10.236  10.398
(9793 bbs —  10.208 10.359 10.210 10.454 10.260 —
Qpp bbs —  10.244 10.389 10.257 10.486 10.297 10.483
Qpbe bbe —  11.139 — 11.12  11.535 — —
Qv bbe — 11.163 — 11.18 11.554 — —
Qbbb bbb —  14.276 — — 14834 — —

25
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Table 9. Mass splittings (in GeV) of the bottom sector baryons,
calculated in modified bag model and in other approaches as

described in the text.

Baryons Our [29,30] [25,26] [19] [23,24] [60]
X — % 0.032 0.029 — 0.025 0.031 0.025
= —-Z 0.033 0.026 — 0.010 0.029 0.029
Qp — 0.029 0.023 — 0.021 0.030 0.023
= — Zhe 0.028 0.017 0.050 0.027 0.038 0.030
Q. — Q. 0027 0014 0030 0022 0037 0.017
Qe — Qee 0021 — — 0020 — —
=i — Zbb 0.039 0.035 0.040 0.027 0.039 —
Qo — Qb 0.036 0.030 0.047 0.032 0.037 —
Qe — Qpe 0024 — 0060 0019  — —
tions ([25] and ours) predict Z.. mass compatible with [60]. For the baryons containing two bottom quarks

the SELEX result. All other approaches predict the
mass of this baryon to be 100-150 MeV higher. If
we accept the SELEX result as true (regardless of the
absence of independent confirmations), this would be
the second doubly-heavy hadron observed (the first was
B. meson). In both cases the predictions of the mod-
ified bag model are sufficiently good. The compari-
son of our results with others shows that for doubly-
heavy baryons all approaches give qualitatively simi-
lar (the same ordering of states) predictions, while the
numerical values could differ substantially. The lowest
mass values are obtained in Refs. [25, 26], our values lie
higher by about 70-80 MeV, and all other approaches
predict even larger masses of these baryons. As regards
the mass splittings of doubly-heavy baryons =7, —
and 7, — Q.. the predictions vary from about 70 MeV
[60] to 130 MeV [26], our estimate (approximately 100
MeV) together with the predictions given by Ref. [29]
being somewhere in the middle. For the triple-heavy
baryon 2., the bag model predicted mass is about 200
MeV smaller than the corresponding mass value in non-
relativistic potential model [19].

We expect the predicted spectrum of the bottom sec-
tor baryons to be qualitatively similar to the spectrum
in the charm sector, and indeed we find similar reg-
ularities in the spectrum of bottom baryons. For the
doubly-heavy baryons containing heavy quarks of dis-
tinct flavour (charm and bottom) the lowest baryon
masses are predicted in Refs. [25,26]. For the baryons
from the =, family our predictions are similar to [25,
26], while the predictions of Refs. [29] and [24] are ap-
proximately 80 MeV higher than ours, and predictions
of Refs. [19] and [60] exceed ours by about 170 MeV.
For the (2. family our results are similar to the calcu-
lations of Ref. [24] and about 60 MeV above the values
obtained in [25, 26]. The largest masses (approximately
120 MeV higher than ours) are again given by [19] and

—_
—
—cc

(Epp and €y families) our calculations predict the low-
est baryon mass values. Predictions of Refs. [25,26]
are also very close to ours. The largest masses in this
case (about 240-280 MeV higher then ours) are given
by [19]. For the triply-heavy baryons containing one
bottom and two charmed quarks (2. family) Ref. [19]
predicts the baryon masses 260 MeV higher than ours,
the result similar as in the case of =, and ), baryons.
Predictions for the masses of the triply-heavy baryons
containing two bottom and one charmed quark (£2pp.
family) in our model and in Refs. [25,26] are similar
again, and mass values from Ref. [19] are commonly
higher than ours (in this case by about 400 MeV). The
largest difference between predictions of Ref. [19] and
baryon mass values calculated in our model (560 MeV)
is obtained for the heaviest ground state baryon 2ppp.
As regards the predictions for the baryon mass split-
tings, the situation in the bottom sector is evidently sim-
pler, and almost all approaches give similar results. The
reason is also clear: the interaction in this case is much
weaker and consequently it causes smaller mass split-
tings. Because the heavier systems seem to be simpler,
one could naively expect that in such case all reason-
able approaches give similar predictions. As we have
seen from Tables 7 and 8, in general this is not the
case. Moreover, the situation with theoretical predic-
tions of the heavy baryon masses seems to be controver-
sial to some extent. For the baryons containing only one
heavy quark all approaches, as a rule, give similar pre-
dictions in reasonable agreement with available exper-
imental data. On the other hand, in the case of doubly-
heavy (as well as triply-heavy) baryons the predicted
values strongly depend on the model. Sometimes very
different approaches (e. g., Refs. [25, 26] and our modi-
fied bag model) give very similar predictions, however,
this is rather an exception than a rule. Evidently, fur-
ther investigations in this field are necessary. On the
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other hand, the rapid development of experimental and
theoretical methods in recent years is rather impressive,
and we expect that in the nearest future new experimen-
tal data and new improved results of lattice calculations
will shed some light on the subject.

4. Conclusions and discussion

In conclusion, we have calculated the spectrum of
all ground state baryons containing bottom quarks by
means of a modified bag model suitable for the uni-
fied description of heavy and light hadrons. The model
parameters are practically the same as in our previous
paper [39] (following the procedure proposed in the
original MIT bag version the main four of them have
been determined from the light hadrons). For complete-
ness the calculated masses for the hadrons belonging
to the charm sector are also presented. All the predic-
tions are compared with the calculations in other ap-
proaches and with experimental data where available.
For mesons and baryons containing one heavy quark
the agreement is good. Therefore we expect our predic-
tions for the doubly-heavy (and, maybe, triply-heavy)
baryon masses to be useful complementary tool in the
treatment of heavy baryon spectra.

Regretfully, the predictional power of the bag model
is not so high, as, for example, potential model in its
various incarnations. The annoying thing is that the
applications of the bag model practically are restricted
to the calculation of properties of just the ground state
hadrons. There was some work done to incorporate the
excited states in various versions (usual MIT bag, chi-
ral bag, etc.) of the model [66-69]. In general the
attempts were rather successful, however, the compli-
cations associated with relativity and the problem of
spurious centre-of-mass motion makes the bag model
in this case calculationally much more unwieldy than
the nonrelativistic models. On the other hand, in some
cases the initial simplicity of the model may be regarded
as an advantage, and old-good bag model could serve
for a while as a modest but still useful tool for investiga-
tion of various hadronic properties (ground state hadron
masses, magnetic moments, isospin splittings, etc.), es-
pecially when the preliminary quick estimate is neces-
sary.
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SUNKIUJU BARIONU SPEKTROSKOPIJA IR MAISU MODELIS

A. Bernotas, V. Simonis

Vilniaus universiteto Teorinés fizikos ir astronomijos institutas, Vilnius, Lietuva

Santrauka

Taikant modifikuota MIT maiS$y modelj, apskaic¢iuotos sunkiyjy
hadronuy, i kuriy sudétj jeina ,,sunkais“ cir b kvarkai, pagrindiniy ba-
seny masés. Gautos darbe masiy vertés palygintos su kity autoriy
ivairiuose modeliuose atlikty skai¢iavimy rezultatais bei turimais

naujausiais eksperimenty duomenimis. Daugeliu atvejy sutapimas
su eksperimentu bei kitais skai¢iavimais yra neblogas. Taip pat nu-
rodyti kai kurie modelio trikumai, aptarti privalumai bei modelio
vieta teorinéje hadrony spektroskopijoje.



