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Spectroscopy of doubly heavy baryons
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Spectra of masses are calculated for the families of doubly heavy baryons in the framework of the nonrel-
ativistic quark model with the QCD potential of Buchmu¨ller and Tye. We suppose the quark-diquark structure
for the wave functions and take into account the spin-dependent splittings. The physical reasons causing the
existence of quasistable excited states in the subsystem of heavy diquark are considered for the heavy quarks
of identical flavors.

PACS number~s!: 14.20.Lq, 12.39.Jh, 14.20.Mr
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I. INTRODUCTION

The first observation of theBc
1 meson by the Collider

Detector at Fermilab~CDF! Collaboration@1# opens a new
direction in the physics of hadrons containing heavy qua

This particle completes the list of heavy quarkonia (QQ̄8)
and heavy flavored mesons accessible for the experime
investigations. It begins another list of long-lived hadro
containing two heavy quarks. So, in addition to theBc

1 me-
son this class of hadrons would be continued by the dou
heavy baryonsJcc , Jbc , andJbb @see the notation in the
framework of the quark model of the Particle Data Gro
~PDG! @2##. The experimental discovery ofBc

1 was prepared
by theoretical studies of the meson spectroscopy as we
the mechanisms of its production and decay~see review in
Ref. @3#!. To observe the doubly heavy baryons it is nec
sary to give reliable theoretical predictions of their prop
ties. The initial steps forward towards such a goal were do

~1! In Ref. @4# the estimates for the lifetimes ofJcc
1 and

Jcc
11 baryons were obtained in the framework of opera

product expansion in the inverse heavy quark mass.
~2! Papers@5# were devoted to the investigation of diffe

ential and total cross sections for the production ofJQQ8
baryons in various interactions in the model of fragmen
tion, in the model of intrinsic charm@6# ~for the hadronic
production of Jcc) and in the framework of perturbativ
QCD calculations up toO(as

4) contributions, taking into ac-
count the hard nonfragmentational regime in addition to
fragmentation, which dominates at high transverse mome
pT@M .

~3! In Refs. @7,8# the masses of ground states of doub
heavy baryons were estimated, and the excitations ofJcc
were considered in Ref.@11#.

In the present paper we analyze the basic spectrosc
characteristics for the families of doubly heavy baryo
JQQ85(QQ8q), where q5u,d and VQQ85(QQ8s). A
general approach of potential models to calculate the ma
of baryons containing two heavy quarks was considered
Ref. @9#. The physical motivation used the pair interactio
between the quarks composing the baryon, that was expl
in the three-body problem. Clear implications for the ma
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spectra of doubly heavy baryons were derived. So, for
given masses of heavy charmed and beauty quarks, the
proximation of factorization for the motion of doubly heav
diquark and light quark is not accurate. It results in t
ground state mass and excitation levels, essentially devia
from the estimates in the framework of appropriate thr
body problem. For example, we can easily find that in
oscillator potential of pair interactions an evident introdu
tion of Jacobi variables leads to the change of vibration
ergy v→A3/2v in comparison with naive expectations o
diquark factorization.

However, the stringlike picture of doubly heavy baryo
shown in Fig. 1, certainly destroys the above conclusio
based on the pair interactions. Indeed, to the moment
have to introduce the center of string, which is very close
the center of mass for the doubly heavy diquark. Furth
more, the light quark interacts with the doubly heavy diqua
as a whole, i.e., with the string tension identical to that in
heavy-light mesons. Therefore, two different assumptions
the nature of interactions inside the doubly heavy baryo
Pair interactions or a stringlike picture result in a distin
variation of predictions on the mass spectra of these bary
the ground states and excitation levels. The only criter
testing the assumptions is provided by an experimental
servation and measurements.

In this paper we follow the approximation of doub
heavy diquark, which is quite reasonable as we have clari
in the discussion given above. To enforce this point we re
to the consideration of doubly heavy baryon masses in
framework of QCD sum rules@8#, that recently was essen

FIG. 1. The picture of doubly heavy baryonQQq with the col-
ored fields forming the strings between the heavy and light qua
that destroys the pair interactions and involves the additio
‘‘center-of-mass’’ point close to the center of mass for the hea
heavy system.
©2000 The American Physical Society21-1
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tially improved in paper@10#, exploring the nonrelativistic
QCD ~NRQCD! version of sum rule method. The conclusio
drawn in the sum rules is the ground state mass is in a g
agreement with the estimates obtained in the potential
proach with the factorization of doubly heavy diquark.

The qualitative picture for the forming of bound states
the system of (QQ8q) is determined by the presence of tw
scales of distances, which are given by the size of
QQ8-diquark subsystem,r QQ8 , in the antitriplet color state
as well as by the confinement scaleLQCD for the light quark
q, so that

r QQ8•LQCD!1, LQCD!mQ .

Under such conditions, the compact diquarkQQ8 looks
similar to a static source approximated by the local colo
QCD field interacting with the light quark. Therefore, w
may use a set of reliable results in models of mesons wi
single heavy quark, i.e., with a local static source belong
to the antitriplet representation of the SU(3)c group. The
successful approaches are the potential models@12# and the
heavy quark effective theory~HQET! @13# in the framework
of expansion in the inverse heavy quark mass. We apply
nonrelativistic quark model with the potential by Buchmu¨ller
and Tye@14#. Then theoreticallywe can talk on the rough
approximation for the light quark. Indeed, sincemq

QCD

!LQCD the light quark is relativistic. Nevertheless, we intr
duce the system with a finite number of degrees of freed
and an instantaneous interactionV(r ). This fact is a disad-
vantage because the confinement supposes the following~a!
the generation of sea around the light quark, i.e., the p
ence of infinite number of gluons and quark-antiquark pa
and ~b! the nonperturbative effects with the correlation tim
tQCD;1/LQCD, that is beyond the potential approach. Ho
ever, phenomenologicallythe introduction of constituen
massmq

NP;LQCD as a basic parameter determining the
teraction with the QCD condensates, allows us success
to adjust the nonrelativistic potential model with a high a
curacy (dM'30240 MeV) by fitting the existing experi-
mental data, that makes the approach to be quite a reli
tool for the prediction of masses for the hadrons, contain
the heavy and light quarks.

As for the diquarkQQ8, it is completely analogous to th
heavy quarkoniumQQ̄8 except the very essential peculiar
ties: ~1! (QQ8) 3̄c

is a system with the nonzero color charg

~2! for the quarks of the same flavorQ5Q8 it is necessary to
take into account the Pauli principle for the identical ferm
ons. The second item turns out to forbid the sum of qu
spins S50 for the symmetric, spatial parityP-even wave
functions of diquarkCd(r ) ~the orbital momentum equal
Ld52n, wheren50,1,2. . . ), aswell asS51 is forbidden
for the antisymmetric, antiodd functionsCd(r ) ~i.e., Ld
52n11). The nonzero color charge leads to two problem

First, we cannot generally apply the confinement hypo
esis on the form of potential~an infinite growth of energy
with the increase of the system size! for the object under
consideration. However, it is unpossible to imagine a sit
tion, when a big colored object with a sizer .1/LQCD has a
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finite energy of self-action, and, to the same moment, i
confined inside a white hadron@the singlet over SU(3)c#
with r;1/LQCD due to the interaction with another colore
source. In the framework of the well-justified picture of th
hadronic string, the tension of such string in the diquark w
the external leg inside the baryons is only two times less t

in the quark-antiquark pair inside the mesonqq̄8 and, hence,
the energy of diquark linearly grows with the increase of
size. So, the effect analogous to the confinement of qua
takes place in the similar way. In the potential models
can suppose that the quark binding appears due to the e
tive single exchange by a colored object in the adjoint r
resentation of SU(3)c ~the sum of scalar and vector ex
changes is usually taken!. Then, the potentials in the single

(qq̄8) and antitriplet (qq8) states differ by the factor of 1/2
that means the confining potential with the linear term in
QCD-motivated models for the heavy diquark (QQ8) 3̄c

. In
the present work we use the nonrelativistic model with
Buchmüleer-Tye potential for the diquark, too.

Second, in the singlet color state (QQ̄8) there are separat
conservations of the summed spinS and the orbital momen-
tum L, since the QCD operators for the transitions betwe
the levels determined by these quantum numbers, are
pressed. Indeed, in the framework of multipole expansion
QCD @15#, the amplitudes of chromomagnetic and chrom
electric dipole transitions are suppressed by the inve
heavy quark mass, but in addition, the major reason is p
vided by the following:~a! the necessity to emit a white
object, i.e., at least two gluons, which results in the high
order in 1/mQ and~b! the projection to a real phase space
a physical spectrum of massive hadrons in contrast to
case of massless gluon. Furthermore, the probability o
hybrid state, say, the octet subsystem (QQ̄8) and the addi-
tional gluon, i.e., the Fock stateuQQ̄8c

8 g&, is suppressed due

to both the small size of system and the nonrelativistic m
tion of quarks~for a more strict consideration see Ref.@16#!.
In the antitriplet color state, the emission of a soft nonp
turbative gluon between the levels determined by the spinSd
and the orbital momentumLd of diquark, is not forbidden, if
there are no some other no-go rules or small order par
eters. For the quarks of identical flavors inside the diqua
the Pauli principle leads to that the transitions are poss
only between the levels, which either differ by the sp
(DSd51) and the orbital momentum (DLd52n11), instan-
taneously, or belong to the same set of radial and orb
excitations withDLd52n. Therefore, the transition ampli
tudes are suppressed by a small recoil momentum of diqu
in comparison with its mass. The transition operator cha
ing the diquark spin as well as its orbital momentum, has
higher order of smallness because of either the additio
factor of 1/mQ or the small size of diquark. These suppre
sions lead to the existence of quasistable states with
quantum numbers ofSd andLd . In the diquark composed by
the quarks of different flavors,bc, the QCD operators of
dipole transitions with the single emission of soft gluon a
not forbidden, so that the lifetimes of levels can be com
rable with the times for the forming of bound states or w
1-2
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SPECTROSCOPY OF DOUBLY HEAVY BARYONS PHYSICAL REVIEW D62 054021
the inverse distances between the levels themselves. T
we cannot insist on the appearance of excitation system
such the diquark with definite quantum numbers of the s
and orbital momentum.1

Thus, in the present work we explore the presence of
physical scales in the form of factorization for the wa
functions of the heavy diquark and light constituent qua
So, in the framework of the nonrelativistic quark model t
problem of the calculation of mass spectrum and charac
istics of bound states in the system of doubly heavy bary
is reduced to two standard problems on the study of stat
ary levels of energy in the system of two bodies. After th
we take into account the relativistic corrections dependen
the quark spins in two subsystems under consideration.
natural boundary for the region of stable states in the dou
heavy system can be assigned to the threshold energy fo
decay into a heavy baryon and a heavy meson. As
shown in Ref.@17#, the appearance of such a threshold
different systems can be provided by the existence of uni
sal characteristics in QCD, a critical distance between
quarks. At distances greater than the critical separation,
quark-gluon fields become unstable; i.e., the generation
valence quark-antiquark pairs from the sea takes place
other words, hadronic strings having a length greater than
critical one, decay into strings of smaller sizes with a hi
probability close to unity. In the framework of the potenti
approach this effect can be taken into account by restric
the consideration of excited diquark levels by the regi
wherein the size of the diquark is less than the critical d
tancer QQ8,r c'1.421.5 fm. Furthermore, the model wit
the isolated structure of diquark looks to be reliable, jus
the size of the diquark is less than the distance to the l
quark r QQ8,r l .

The peculiarity of the quark-diquark picture for the do
bly heavy baryon is the possibility of mixing between t
states of higher diquark excitations, possessing differ
quantum numbers, because of the interaction with the l
quark. Then it is difficult to assign some definite quantu
numbers to such excitations. We will discuss the mechan
of this effect.

The paper is organized as follows. In Sec. II we descr
a general procedure for the calculation of masses for
doubly heavy baryons in the framework of assumptio
drawn above. We take into account the spin-dependent
rections to the potential motivated in QCD. The results
numerical estimates are presented in Sec. III and, finally,
conclusions are given in Sec. IV.

II. NONRELATIVISTIC POTENTIAL MODEL

As we mentioned in the Introduction, we solve the pro
lem of the calculation of mass spectra of baryons contain
two heavy quarks in two steps. First, we compute the ene

1In other words, the presence of gluon field inside the baryonJbc

leads to the transitions between the states with the different ex
tions of a diquark, such asubc&→ubcg& with DSd51 or DLd51,
which are not suppressed.
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levels of the diquark. Second, we consider the two bo
problem for the light quark interacting with the pointlik
diquark having the mass obtained in the first step. In acc
dance with the effective expansion of QCD in the inver
heavy quark mass, we separate two stages of such cal
tions. So, the nonrelativistic Schro¨dinger equation with the
model potential motivated by QCD is solved numerical
After that, the spin-dependent corrections are introduced
perturbations suppressed by the quark masses.

A. Potential

We use the Buchmu¨ller-Tye potential, which takes into
account the asymptotic freedom of QCD at short distanc
So, the effective coupling constant in the exchange by
octet color state between the quarks is approximated by
QCD running coupling constant up to two-loop accuracy.
long distances, there is the linear term of interaction ene
which leads to the confinement. These two regimes are
limits for the effectiveb function by Gell-Mann–Low. It
was given explicitly in Ref.@14#. In the antitriplet quark state
we introduce the factor of 1/2 because of the color struct
of bound quark-quark state. For the interaction of diqua
with the light constituent quark, the corresponding factor
equal to unity.

As was shown in Ref.@18#, the nonperturbative constitu
ent term introduced into the mass of the nonrelativis
quark, exactly coincides with the additive constant, su
tracted from the Coulomb potential. We extract the mas
of heavy quarks by fitting the real spectra of charmoniu
and bottomonium,

mc51.486 GeV, mb54.88 GeV, ~1!

so that the mass of the level in the heavy quarkonium
been calculated as, say,M ( c̄)52mc1E, whereE is the en-
ergy of the stationary Schro¨dinger equation with the mode
potential V. Then, we have supposed that the mass of
meson with a single heavy quark is equal toM (Qq̄)5mQ
1mq1E andE5^T&1^V2dV&, whereas the additive term
in the potential is introduced because the constituent mas
light quark is determined as a part of interaction energydV
5mq . In accordance with fitting the masses of heavy m
sons, we getmq50.385 GeV.

The results of calculations for the eigenenergies in
Schrödinger equation with the Buchmu¨ller-Tye potential are
presented in Tables I–III. The characteristics of correspo
ing wave functions are given in Tables IV–VI.

We have checked that the binding energy and the w
function of the light quark hardly depend on the flavors
heavy quarks. Indeed, large values of diquark masses
small contributions into the reduced masses. This fact le
to small corrections to the wave functions in the Schro¨dinger
equation. So, for the states lying below the threshold of d
bly heavy baryon decay into the heavy baryon and he
meson, the energies of levels of light constituent quark
equal to

a-
1-3
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GERSHTEIN, KISELEV, LIKHODED, AND ONISHCHENKO PHYSICAL REVIEW D62 054021
E~1s!50.38 GeV, E~2s!51.09 GeV,

E~2p!50.83 GeV,

where the energy has been defined as the sum of light q
constituent mass and eigenvalue of the Schro¨dinger equation.
In HQET the value ofL̄5E(1s) is generally introduced
Then we can draw a conclusion that our estimate ofL̄ is in
a good agreement with calculations in other approaches@13#.
This fact confirms the reliability of such phenomenologic
predictions. For the light quark radial wave functions at t
origin we find

R1s~0!50.527 GeV3/2,

R2s~0!50.278 GeV3/2,

R2p8 ~0!50.127 GeV5/2.

The analogous characteristics of bound states of thec quark
interacting with thebb diquark are equal to

E~1s!51.42 GeV, E~2s!51.99 GeV,

E~2p!51.84 GeV,

with the wave functions

TABLE I. The spectrum ofbb diquark levels without spin-
dependent splittings: masses and mean-squared radii.

Diquark level
Mass
~GeV!

^r 2&1/2

~fm! Diquark level
Mass
~GeV!

^r 2&1/2

~fm!

1S 9.74 0.33 2P 9.95 0.54
2S 10.02 0.69 3P 10.15 0.86
3S 10.22 1.06 4P 10.31 1.14
4S 10.37 1.26 5P 10.45 1.39
5S 10.50 1.50 6P 10.58 1.61
3D 10.08 0.72 4D 10.25 1.01
5D 10.39 1.28 6D 10.53 1.51
4F 10.19 0.87 5F 10.34 1.15
6F 10.47 1.40 5G 10.28 1.01
6G 10.42 1.28 6M 10.37 1.15

TABLE II. The spectrum ofbc diquark levels without spin-
dependent splittings: masses and mean-squared radii.

Diquark level
Mass
~GeV!

^r 2&1/2

~fm! Diquark level
Mass
~GeV!

^r 2&1/2

~fm!

1S 6.48 0.48 3P 6.93 1.16
2S 6.79 0.95 4P 7.13 1.51
3S 7.01 1.33 3D 6.85 0.96
2P 6.69 0.74 4D 7.05 1.35
4F 6.97 1.16 5F 7.16 1.52
5G 7.09 1.34 6H 7.19 1.50
05402
rk
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R1s~0!51.41 GeV3/2, R2s~0!51.07 GeV3/2,

R2p8 ~0!50.511 GeV5/2.

For the binding energy of strange constituent quark we
the current massms'1002150 MeV.

B. Spin-dependent corrections

According to Ref.@19#, we introduce the spin-depende
corrections causing the splitting ofnL levels of diquark as
well as in the system of light constituent quark and diqua
(n5nr1L11 is the principal number,nr is the number of
radial excitation,L is the orbital momentum!. For the heavy
diquark containing the identical quarks we have

VSD
(d)~r !5

1

2 S Ld•Sd

2mQ
2 D S 2

dV~r !

rdr
1

8

3
as

1

r 3D
1

2

3
as

1

mQ
2

Ld•Sd

r 3
1

4

3
as

1

3mQ
2

3SQ1•SQ2@4pd~r !#2
1

3
as

1

mQ
2

1

4Ld
223

3@6~Ld•Sd!213~Ld•Sd!22Ld
2Sd

2#
1

r 3
, ~2!

whereLd , Sd are the orbital momentum in the diquark sy
tem and the summed spin of quarks composing the diqu
respectively. Taking into account the interaction with t
light constituent quark gives (S5Sd1Sl)

TABLE III. The spectrum ofcc-diquark levels without spin-
dependent splittings: masses and mean-squared radii.

Diquark level
Mass
~GeV!

^r 2&1/2

~fm! Diquark level
Mass
~GeV!

^r 2&1/2

~fm!

1S 3.16 0.58 3P 3.66 1.36
2S 3.50 1.12 4P 3.90 1.86
3S 3.76 1.58 3D 3.56 1.13
2P 3.39 0.88 4D 3.80 1.59

TABLE IV. The characteristics of radial wave function for th
bb diquark:Rd(ns)(0) (GeV3/2), Rd(np)8 (0) (GeV5/2).

nL Rd(ns)(0) nL Rd(np)8 (0)

1S 1.346 2P 0.479
2S 1.027 3P 0.539
3S 0.782 4P 0.585
4S 0.681 5P 0.343
1-4
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VSD
( l ) ~r !5

1

4 S L•Sd

2mQ
2

1
2L•Sl

2ml
2 D S 2

dV~r !

rdr
1

8

3
as

1

r 3D
1

1

3
as

1

mQml

~L•Sd12L•Sl !

r 3

1
4

3
as

1

3mQml
~Sd1Ld!•Sl@4pd~r !#

2
1

3
as

1

mQml

1

4L223
@6~L•S!213~L•S!

22L2S226~L•Sd!223~L•Sd!12L2Sd
2#

1

r 3
,

~3!

where the first term corresponds to the relativistic correct
to the effective scalar exchange, and other terms appea
cause of corrections to the effective single-gluon excha
with the coupling constantas .

The value of effective parameteras can be determined in
the following way. The splitting in theS-wave heavy quarko-
nium (Q1Q̄2) is given by the expression

DM ~ns!5
8

9
as

1

m1m2
uRnS~0!u2, ~4!

where RnS(r ) is the radial wave function of quarkonium
From the experimental data on the system ofcc̄

DM ~1S,cc̄!511762 MeV, ~5!

and R1S(0) calculated in the model, we can determi
as(C). Let us take into account the dependence of this
rameter on the reduced mass of the systemm. In the frame-
work of one-loop approximation for the running couplin
constant of QCD we have

as~p2!5
4p

b ln~p2/LQCD
2 !

, ~6!

TABLE V. The characteristics of radial wave function for th
bc diquark:Rd(ns)(0) (GeV3/2), Rd(np)8 (0) (GeV5/2).

nL Rd(ns)(0) nL Rd(np)8 (0)

1S 0.726 2P 0.202
2S 0.601 3P 0.240
3S 0.561 4P

TABLE VI. The characteristics of radial wave function for th
cc diquark:Rd(ns)(0) (GeV3/2), Rd(np)8 (0) (GeV5/2).

nL Rd(ns)(0) nL Rd(np)8 (0)

1S 0.530 2P 0.128
2S 0.452 3P 0.158
05402
n
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whereasb51122nf /3 andnf53 at p2,mc
2 . From the phe-

nomenology of potential models@12# we know that the av-
erage kinetic energy of quarks in the bound state practic
does not depend on the flavors of quarks, and it is given
the values

^Td&'0.2 GeV ~7!

and

^Tl&'0.4 GeV, ~8!

for the antitriplet and singlet color states, corresponding
Substituting the definition of the nonrelativistic kinetic e
ergy

^T&5
^p2&
2m

, ~9!

we get

as~p2!5
4p

b ln~2^T&m/LQCD
2 !

, ~10!

whereas numericallyLQCD'113 MeV.
For the identical quarks inside the diquark, the scheme

LS coupling well known for the corrections in the heav
quarkonium, is applicable. Otherwise, for the interacti
with the light quark we use the scheme ofj j coupling@here,
LSl is diagonal at the givenJl , (Jl5L1Sl ,J5Jl1 J̄),
whereJ denotes the total spin of baryon, andJ̄ is the total
spin of diquark,J̄5Sd1Ld#.

Then, to estimate various terms and mixings of states,
use the transformations of bases~in what follows S5Sl

1 J̄)

uJ;Jl&5(
S

~21!( J̄1Sl1L1J)A~2S11!~2Jl11!

3H J̄ Sl S

L J Jl
J uJ;S& ~11!

and

uJ;Jl&5(
Jd

~21!( J̄1Sl1L1J)A~2Jd11!~2Jl11!

3H J̄ L Jd

Sl J Jl
J uJ;Jd&. ~12!

Thus, we have defined the procedure of calculations for
mass spectra of doubly heavy baryons. This procedure le
to results presented in the next section.

III. NUMERICAL RESULTS

In this section we present the results on the mass spe
which account for the spin-dependent splitting of levels.
we have clarified in the Introduction, the doubly heavy ba
1-5



er

e
ft
he
ns

as

on
-

nd
h
W
l

e
uil

v

l t

the
ark

GERSHTEIN, KISELEV, LIKHODED, AND ONISHCHENKO PHYSICAL REVIEW D62 054021
ons with identical heavy quarks allow quite a reliable int
pretation in terms of diquark quantum numbers~the summed
spin and the orbital momentum!. Dealing with the excitations
of thebc diquark, we show the results on the spin-depend
splitting of the ground 1S state, since the emission of so
gluon breaks the simple classification of levels for the hig
excitations of such diquark. For the doubly heavy baryo
the quark-diquark model of bound states obviously leads
the most reliable results for the system with the larger m
of heavy quark, i.e., forJbb .

A. Jbb baryons

For the quantum numbers of levels, we use the notati
ndLdnl l l , i.e., we show the value of principal quantum num
ber of diquark, its orbital momentum by a capital letter a
the principal quantum number for the excitations of lig
quark and its orbital momentum by a lowercase letter.
denote the shift of level byD (J) as dependent on the tota
spin of baryonJ. So, for 1S2p we have

D (5/2)510.3 MeV. ~13!

The states with the total spinJ5 3
2 ~or 1

2 ), can have different
values ofJl , and, hence, they have a nonzero mixing, wh
we perform the calculations in the perturbation theory b
over the states with the definite total momentumJl of the
light constituent quark. ForJ5 3

2 , the mixing matrix equals

S 23.0 20.5

20.5 11.4D MeV, ~14!

so that the mixing practically can be neglected, and the le
shifts are determined by the values

D8(3/2)5l18523.0 MeV,

D (3/2)5l1511.4 MeV. ~15!

For J5 1
2 , the mixing matrix has the form

S 25.7 217.8

217.8 214.9D MeV, ~16!

with the eigenvectors given by

u1S2p~ 1
2 8!&50.790uJl5

3
2 &20.613uJl5

1
2 &,

u1S2p~ 1
2 !&50.613uJl5

3
2 &10.790uJl5

1
2 &, ~17!

and the eigenvalues equal

D8(1/2)5l2858.1 MeV,

D (1/2)5l25228.7 MeV. ~18!

For the 2S2p level, the corresponding quantities are equa

D (5/2)510.3 MeV, ~19!

and forJ5 3
2 , the mixing matrix is equal to
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S 23.6 20.5

20.5 12.4D MeV, ~20!

so that

D8(3/2)5l18523.6 MeV,

D (3/2)5l1512.4 MeV. ~21!

For J5 1
2 , the matrix has the form

S 26.1 217.6

217.6 213.5D MeV, ~22!

with the eigenvectors

u1S2p~ 1
2 8!&50.776uJl5

3
2 &20.631uJl5

1
2 &,

u1S2p~ 1
2 !&50.631uJl5

3
2 &10.776uJl5

1
2 &,

~23!

possessing the eigenvalues

D8(1/2)5l2858.2 MeV,

D (1/2)5l25227.8 MeV. ~24!

We can straightforwardly see, that the difference between
wave functions as caused by the different masses of diqu
subsystem, is unessential.

The splitting of diquarkD (Jd) has the form

3D1s:

D (3)520.06 MeV,

D (2)50.2 MeV,

D (1)520.2 MeV. ~25!

4D1s:

D (3)522.6 MeV,

D (2)520.8 MeV,

D (1)524.6 MeV. ~26!

5D1s:

D (3)52.6 MeV,

D (2)520.9 MeV,

D (1)524.7 MeV. ~27!

5G1s:

D (5)520.3 MeV,

D (4)50.3 MeV,
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D (3)51.1 MeV,

D (2)51.7 MeV,

D (1)52.0 MeV. ~28!

6G1s:

D (5)53.2 MeV,

D (4)520.5 MeV,

D (3)524.4 MeV,

D (2)527.9 MeV,

D (1)5210.5 MeV. ~29!

Such corrections are unessential up to the current accura
method (dM'30240 MeV). They can be neglected for th
excitations, whose sizes are less than the distance to the
quark, i.e., for diquarks with small values of principal qua
tum number.

For the hyperfine spin-spin splitting in the system
quark-diquark, we have

Dhf
( l )5

2

9 FJ~J11!2 J̄~ J̄11!2
3

4Gas~2mT!
1

mcml
uRl~0!u2,

~30!

whereRl(0) is the radial wave function at the origin for th
light constituent quark, and for the analogous shift of diqu
level, we find

Dhf
(d)5

1

9
as~2mT!

1

mc
2

uRd~0!u2. ~31!

The mass spectra ofJbb
1 andJbb

0 baryons are shown in
Fig. 2 and in Table VII, wherein we restrict ourselves by t
presentation ofS-, P-, andD-wave levels.

We can see in Fig. 2, that the most reliable predictions
the masses of baryons 1S1s (JP53/21, 1/21), 2P1s (JP

53/22, 1/22), and 3D1s (JP57/21, . . . ,1/21). The 2P1s
level is quasistable, because the transition into the gro
state requires the instantaneous change of both the or
momentum and the summed spin of quarks inside the
quark. The analogous kind of transitions seems to be
transition between the states of orthohydrogen and par
drogen in the molecule ofH2. This transition take place in a
nonhomogeneous external field due to the magnetic mom
of other molecules. For the transition of 2P1s→1S1s, the
role of such external field is played by the nonhomogene
chromomagnetic field of the light quark. The correspond
perturbation has the form
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dV;
1

mQ
@S1•H11S2•H22~S11S2!•^H&#

5
1

2mQ
~¹•rd!~S12S2!•H

;
1

mQ

r l•rd

mqr l
5 ~S12S2!•Jl f ~r l !,

where f (r l) is a dimensionless nonperturbative function d
pending on the distance between the light quark and diqu
The dV operator changes the orbital momentum of lig
quark, too. It results in the mixing between the states w
the same values ofJP. If the splitting is not small~for in-
stance, 2P1s21S2p, whereDE;LQCD), then the mixing is
suppressed as

dV/DE;
1

mQmq

r d

r l
4

1

DE
!1.

Since the admixture of 1S2p in the 2P1s state is low, the
2P1s levels are quasistable, i.e., their hadronic transitio
into the ground state with the emission ofp mesons are
suppressed as we have derived, though an additional

FIG. 2. The spectrum of baryons, containing twob quarksJbb
2

and Jbb
0 , which account for the spin-dependent splittings of lo

lying excitations. The masses are given in GeV.

TABLE VII. The mass spectrum ofJbb
2 andJbb

0 baryons.

(ndLdnlLl), JP Mass~GeV! (ndLdnlLl), JP Mass~GeV!

(1S1s)1/21 10.093 (3P1s)1/22 10.493
(1S1s)3/21 10.133 (3D1s)5/281 10.497
(2P1s)1/22 10.310 (3D1s)7/21 10.510
(2P1s)3/22 10.343 (3P1s)3/22 10.533
(2S1s)1/21 10.373 (1S2p)1/22 10.541
(2S1s)3/21 10.413 (1S2p)3/22 10.567
(3D1s)5/21 10.416 (1S2p)1/282 10.578
(3D1s)3/281 10.430 (1S2p)5/22 10.580
(3D1s)1/21 10.463 (1S2p)3/282 10.581
(3D1s)3/21 10.483 (3S1s)1/21 10.563
1-7
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pression is given by a small value of phase space. There
we have to expect the presence of narrow resonances in
mass spectra of pairsJbbp, as they are produced in th
decays of quasistable states withJP53/22, 1/22. The ex-
perimental observation of such levels could straightf
wardly confirm the existence of diquark excitations and p
vide the information on the character of dependency inf (r l),
i.e., on the nonhomogeneous chromomagnetic field in
nonperturbative region.

Sure, the 3D1sJP57/21, 5/21 states are also quasistabl
since in the framework of multipole expansion in QCD th
transform into the ground state due to the quadrupole em
sion of gluon~the E2 transition with the hadronizationgq
→q8p).

As for the higher excitations, the 3P1s states are close to
the 1S2p levels withJP53/22, 1/22, so that the operator
changing both the orbital momentum of diquark and its sp
can lead to the essential mixing with an amplitu
dVnn8 /DEnn8;1, despite suppression by the inverse hea
quark mass and small size of diquark. We are sure that
mixing slightly shifts the masses of states. The most imp
tant effect is a large admixture of 1S2p in 3P1s. It makes
the state to be unstable because of the transition into
ground 1S1s state with the emission of gluon~the E1 tran-
sition!. This transition leads to decays with the emission op
mesons.2

The level 1S2pJP55/22 has the definite quantum num
bers of diquark and light quark motion, because there are
levels with the same values ofJP in its vicinity. However, its
width of transition into the ground state andp meson is not
suppressed and seems to be large,G;100 MeV.

The following transitions take place:

3

2

2

→ 3

2

1

p in S wave,

3

2

2

→ 11

2
p in D wave,

1

2

2

→ 3

2

1

p in D wave,

1

2

2

→ 1

2

1

p in S wave.

The D-wave transitions are suppressed by the ratio of l
recoil momentum to the mass of the baryon. The width
state JP53/21 is completely determined by the radiativ
electromagneticM1 transition into the basicJP51/21 state.

B. Jcc baryons

The calculation procedure described above leads to
results for the doubly charmed baryons as presented be
For 1S2p, the splitting is equal to

2Remember, that theJQQ8 baryons are the isodoublets.
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D (5/2)517.4 MeV. ~32!

For J5 3
2 , the mixing is determined by the matrix

S 4.3 21.7

21.7 7.8 D MeV, ~33!

so that the eigenvectors

u1S2p~ 3
2 8!&50.986uJl5

3
2 &10.164uJl5

1
2 &,

u1S2p~ 3
2 !&520.164uJl5

3
2 &10.986uJl5

1
2 &, ~34!

have the eigenvalues

D8(3/2)5l1853.6 MeV,

D (3/2)5l158.5 MeV. ~35!

For J5 1
2 , the mixing matrix equals

S 23.6 255.0

255.0 273.0D MeV, ~36!

where the vectors

u1S2p~ 1
2 8!&50.957uJl5

3
2 &20.291uJl5

1
2 &,

u1S2p~ 1
2 !&50.291uJl5

3
2 &10.957uJl5

1
2 &, ~37!

have the eigenvalues

D8(1/2)5l28526.8 MeV,

D (1/2)5l252103.3 MeV. ~38!

The splitting of the 3D diquark level is given by

D (3)523.02 MeV,

D (2)52.19 MeV,

D (1)53.39 MeV. ~39!

Further, we have to take into account the hyperfine spin-s
corrections in the quark-diquark system.

For the 1S and 2S wave levels of diquark, the shifts o
vector states are equal to

D~1S!56.3 MeV,

D~2S!54.6 MeV.

The mass spectra of theJcc
11 and Jcc

1 baryons are pre-
sented in Fig. 3 and Table VIII.

C. Jbc baryons

As we have already mentioned in the Introduction, t
heavy diquark composed of the quarks of different flavo
turns out to be unstable under the emission of soft gluo
1-8
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So, in the Fock state of doubly heavy baryon, there i
sizable nonperturbative admixture of configurations inclu
ing the gluons and diquark with the various values of its s
Sd and orbital momentumLd ,

uBbcq&5OBubc
3̄c

Sd ,Ld,q&1H1ubc
3̄c

Sd61,Ld,g,q&

1H2ubc
3̄c

Sd ,Ld61
,g,q&1•••,

whereas the amplitudes ofH1 , H2 are not suppressed wit
respect toOB . In heavy quarkonium, the analogous ope
tors for the octet-color states are suppressed by the prob
ity of emission by the nonrelativistic quarks inside a sm
volume determined by the size of singlet-color system
heavy quark and antiquark. In the baryonic system un
consideration, a soft gluon is restricted only by the ordin
scale of confinement, and, hence, there is no suppressio

We suppose that the calculations of masses for the exc
Jbc baryons are not so justified in the given scheme. The
fore, we present only the result for the ground state w
JP51/21

FIG. 3. The spectrum ofJcc
11 andJcc

1 baryons. The masses ar
given in GeV.

TABLE VIII. The mass spectrum ofJcc
11 andJcc

1 baryons.

(ndLdnlLl), JP Mass~GeV! (ndLdnlLl), JP Mass~GeV!

(1S1s)1/21 3.478 (3P1s)1/22 3.972
(1S1s)3/21 3.61 (3D1s)3/281 4.007
(2P1s)1/22 3.702 (1S2p)3/282 4.034
(3D1s)5/21 3.781 (1S2p)3/22 4.039
(2S1s)1/21 3.812 (1S2p)5/22 4.047
(3D1s)3/21 3.83 (3D1s)5/281 4.05
(2P1s)3/22 3.834 (1S2p)1/282 4.052
(3D1s)1/21 3.875 (3S1s)1/21 4.072
(1S2p)1/22 3.927 (3D1s)7/21 4.089
(2S1s)3/21 3.944 (3P1s)3/22 4.104
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MJ
bc8 56.85 GeV, MJbc

56.82 GeV,

whereas for the vector diquark we have assumed that
spin-dependent splitting due to the interaction with the lig
quark is determined by the standard contact coupling of m
netic moments for pointlike systems. The picture for t
baryon levels is shown in Fig. 4 with no account for th
spin-dependent perturbations suppressed by the heavy q
masses.

D. The doubly heavy baryons with the strangenessVQQ8

In the leading approximation, we suppose that the wa
functions and the excitation energies of strange quark in
field of doubly heavy diquark repeat the characteristics
the analogous baryons containing the ordinary quarksu,d.
Therefore, the level system of baryonsVQQ8 reproduces that
of JQQ8 up to an additive shift of the masses by the value
current mass of strange quarkms'M (Ds)2M (D)
'M (Bs)2M (B)'0.1 GeV.

Furthermore, we suppose that the spin-spin splitting
2P1s and 3D1s levels of VQQ8 is 20–30 % less than in
JQQ8 ~the factor ofmu,d /ms). As for the 1S2p level, the
procedure described above can be applied. So, forVbb , the
matrix of mixing for the states with the different values
total momentumJl practically can be assigned to be diag
nal. This fact means that the following term of perturbati
is dominant:

1

4 S 2L•Sl

2ml
2 D S 2

dV~r !

rdr
1

8

3
as

1

r 3D .

Therefore, we can think that the splitting of 1S2p is deter-
mined by the factor ofmu,d

2 /ms
2 with respect to the splitting

of correspondingJbb , i.e., it is 40% less than inJbb .
Hence, the splitting is very small.

For the baryonV, the factor of ms /mc is not small.
Hence, for 1S2p, the mixing matrix is not diagonal, so tha
the arrangement of 1S2p states ofV can be slightly different
than that ofJ.

FIG. 4. The spectrum ofJbc
1 andJbc

0 baryons without the split-
tings of higher excitations. The masses are given in GeV.
1-9
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The following peculiarity ofVQQ8 is of great interest. The
low-lying S and P excitations of the diquark are stable. In
deed, even after taking into account the mixing of levels
gluon emission makes a hadronization into theK meson~the
transitions ofVQQ8→JQQ81K), while a single emission o
the p meson is forbidden because of the conservation
isospin and strangeness. The hadronic transitions with ka
are forbidden because of insufficient splitting between
masses ofVQQ8 andJQQ8 . The decays with the emission o
pion pairs belonging to the isosinglet state, are suppresse
a small phase space or even forbidden. Thus, the radia
electromagnetic transitions into the ground state are
dominant modes of decays for the low-lying excitations
VQQ8 .

E. Vbbc baryons

In the framework of quark-diquark picture, we can bu
the model for the baryons containing three heavy qua
bbc. However, as we estimate, the size of diquark turns
to be comparable with the average distance to the char
quark. So, the model assumption on the compact heavy
quark cannot be quite accurate for the calculations of m
levels in this case. The spin-dependent forces are neglig
small inside the diquark, as we have already pointed
above. The spin-spin splitting of vector diquark interacti
with the charmed quark, is given by

D~1s!533 MeV, D~2s!518 MeV.

For 1S2p, the level shifts are small. So, for the stateJP

51/22 we have to add the correction of233 MeV. For the
3D1s state the splitting is determined by the spin-spin int
action. The characteristics of excitations for the charm
quark in the model with the potential by Buchmu¨ller and Tye
have been presented above. Finally, we obtain the pictur
Vbbc levels presented in Fig. 5 and Table IX.

Further, the excitations of groundVbbc
0 state can strongly

mix with large amplitudes because of small splittings b
tween the levels, but they have small shifts of masses. T
effect takes place for 3P1s – 1S2p with JP51/22, 3/22,

FIG. 5. The spectrum ofVbbc
0 baryons which account for the

spin-dependent splittings for the low-lying excitations. Masses
given in GeV.
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and for 2S1s – 3D1s with JP51/21, 3/21. We suppose the
prediction to be quite reliable for the states of 1S1s with
JP51/21, 3/21, 1S2p with JP55/22, and 3D1s with JP

55/21, 7/21. For these excitations, we might definitely pr
dict the widths of their radiative electromagnetic transitio
into the ground state in the framework of multipole expa
sion in QCD. The widths for the transitions will be esse
tially determined by the amplitudes of admixtures, whi
have a strong model dependence. Therefore, the experim
tal study of electromagnetic transitions in the family ofVbbc

0

baryons could provide a valuable information on the mec
nism of mixing between the different levels in the baryon
systems. The electromagnetic transitions combined with
emission of pion pairs, if not forbidden by the phase spa
saturate the total widths of excitedVbbc

0 levels. The charac-
teristic value of total width is aboutG;102100 keV, in the
order of magnitude. Thus, the system ofVbbc

0 can be char-
acterized by a large number of narrow quasistable states

IV. CONCLUSION

In this paper we have calculated the spectroscopic c
acteristics of baryons containing two heavy quarks, in
model with the quark-diquark factorization of wave fun
tions. We have explored the nonrelativistic model of co
stituent quarks with the potential by Buchmu¨ller and Tye.
The region of applicability of such the approximations h
been pointed out.

We have taken into account the spin-dependent relati
tic corrections to the potential in the subsystems of the
quark and light quark diquark. Below the threshold of dec
into the heavy baryon and heavy meson, we have found
system of excited bound states, which are quasistable u
the hadronic transitions into the ground state. We have c
sidered the physical reasons for the quasistability tak
place for the baryons with two identical quarks. In acco
dance with the Pauli principle, the operators responsible
the hadronic decays and the mixing between the levels,
suppressed by the inverse heavy quark mass and the s
size of diquark. This suppression is caused by the neces
of instantaneous change in both the spin and the orbital
mentum of compact diquark. In the baryonic systems w
two heavy quark and the strange quark, the quasistability

e

TABLE IX. The mass spectrum ofVbbc
0 baryons.

(ndLdnlLl), JP Mass~GeV! (ndLdnlLl), JP Mass~GeV!

(1S1s)1/21 11.12 (3D1s)3/281 11.52
(1S1s)3/21 11.18 (3D1s)5/281 11.54
(2P1s)1/22 11.33 (1S2p)1/22 11.55
(2P1s)3/22 11.39 (3D1s)7/21 11.56
(2S1s)1/21 11.40 (1S2p)3/282 11.58
(3D1s)5/21 11.42 (1S2p)3/22 11.58
(3D1s)3/21 11.44 (1S2p)1/282 11.59
(3D1s)1/21 11.46 (1S2p)5/22 11.59
(2S1s)3/21 11.46 (3P1s)3/22 11.59
(3P1s)1/22 11.52 (3S1s)1/21 11.62
1-10
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diquark excitations is provided by the absence of transiti
with the emission of both a single kaon and a single pi
These transitions are forbidden because of small split
between the levels and the conservation of the isospin
strangeness. The characteristics of wave functions can
used in calculations of cross sections for the doubly he
baryons in the framework of the quark-diquark approxim
tion.
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