PHYSICAL REVIEW D, VOLUME 62, 054021

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 Buchliewm 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 numbegps): 14.20.Lq, 12.39.Jh, 14.20.Mr

[. INTRODUCTION spectra of doubly heavy baryons were derived. So, for the
given masses of heavy charmed and beauty quarks, the ap-
The first observation of th&, meson by the Collider proximation of factorization for the motion of doubly heavy
Detector at FermilaCDF) Collaboration[1] opens a new diquark and light quark is not accurate. It results in the
direction in the physics of hadrons containing heavy quarksground state mass and excitation levels, essentially deviating
. . . —, from the estimates in the framework of appropriate three-
This particle completes the list of heavy quarkon@@’) P .
and heavy flavored mesons accessible for the experimenthd.y problem. Eor exanjpl_e, we can easily de that in the
) S . . ) 85cillator potential of pair interactions an evident introduc-
|nvest.|glat|ons. It begins another l,'St of 'Io'ng—llved hadronstion of Jacobi variables leads to the change of vibration en-
containing two heavy quarks. So, in addition to B¢ me- ergy w— /3/2w in comparison with naive expectations of
son this class of hadrons would be continued by the do“bllﬂiquark factorization.

heavy baryonsEc, Epc, and =y, [see the notation in the o \vever, the stringlike picture of doubly heavy baryon

framework of the quark model of the Particle Data Groupgnown in Fig. 1, certainly destroys the above conclusions
(PDG) [2]]. The experimental discovery & was prepared pased on the pair interactions. Indeed, to the moment we
by theoretical studies of the meson spectroscopy as well agave to introduce the center of string, which is very close to
the mechanisms of its production and decage review in  the center of mass for the doubly heavy diquark. Further-
Ref. [3]). To observe the doubly heavy baryons it is necesmore, the light quark interacts with the doubly heavy diquark
sary to give reliable theoretical predictions of their proper-as g whole, i.e., with the string tension identical to that in the
ties. The initial steps forward towards such a goal were doneyeavy-light mesons. Therefore, two different assumptions on

(1) In Ref. [4] the estimates for the lifetimes & . and  the nature of interactions inside the doubly heavy baryons.
E.. baryons were obtained in the framework of operatorPair interactions or a stringlike picture result in a distinct
product expansion in the inverse heavy quark mass. variation of predictions on the mass spectra of these baryons:

(2) Paperg5] were devoted to the investigation of differ- the ground states and excitation levels. The only criterion
ential and total cross sections for the production=fq testing the assumptions is provided by an experimental ob-
baryons in various interactions in the model of fragmentasservation and measurements.
tion, in the model of intrinsic charm6] (for the hadronic In this paper we follow the approximation of double
production of E.) and in the framework of perturbative heavy diquark, which is quite reasonable as we have clarified
QCD calculations up t@(a;‘) contributions, taking into ac- in the discussion given above. To enforce this point we refer
count the hard nonfragmentational regime in addition to thdo the consideration of doubly heavy baryon masses in the
fragmentation, which dominates at high transverse momentéiamework of QCD sum ruleg8], that recently was essen-
pr>M.

(3) In Refs.[7,8] the masses of ground states of doubly 2
heavy baryons were estimated, and the excitationE gf
were considered in Refl1].

In the present paper we analyze the basic spectroscopic
characteristics for the families of doubly heavy baryons
Eoo=(QQ’q), where g=u,d and Qg =(QQ’s). A
general approach of potential models to calculate the masses
of baryons containing two heavy quarks was considered in
Ref. [9]. The physical motivation used the pair interactions

between the quarks composing the baryon, that was explored iG. 1. The picture of doubly heavy bary@Qq with the col-
in the three-body problem. Clear implications for the masspred fields forming the strings between the heavy and light quarks,
that destroys the pair interactions and involves the additional
“center-of-mass” point close to the center of mass for the heavy-
*Email address: kiselev@thl.ihep.su heavy system.

Q

0556-2821/2000/68)/05402111)/$15.00 62 054021-1 ©2000 The American Physical Society



GERSHTEIN, KISELEV, LIKHODED, AND ONISHCHENKO PHYSICAL REVIEW D62 054021

tially improved in papef10], exploring the nonrelativistic finite energy of self-action, and, to the same moment, it is
QCD (NRQCD) version of sum rule method. The conclusion confined inside a white hadrofthe singlet over SU(3)
drawn in the sum rules is the ground state mass is in a googith r ~ 1/A o¢p due to the interaction with another colored
agreement with the estimates obtained in the potential apsource. In the framework of the well-justified picture of the
proach with the factorization of doubly heavy diquark. hadronic string, the tension of such string in the diquark with
The qualitative picture for the forming of bound states inthe external leg inside the baryons is only two times less than
the Isystefm QfQQ’q) is ﬂgtﬁrmined_by the pr?‘senpe of ;W% in the quark-antiquark pair inside the mespyy and, hence,
S(’gcg’e;iqoua?lls;irt])(s/itevr:r ¢ , ﬁque tr?évzgtittr)i);)lttat Ei:osltl)zrestgtet the energy of diquark linearly grows with the increase of its
as well as by the confine'r%Qer;t scallp for the light quark size. So, the effect analogous to the confinement of quarks
g, so that takes place in the similar way. In the potential models we
can suppose that the quark binding appears due to the effec-
tive single exchange by a colored object in the adjoint rep-
resentation of SU(3) (the sum of scalar and vector ex-
changes is usually takgrnThen, the potentials in the singlet

qa’) and antitriplet ¢ q') states differ by the factor of 1/2,

Under such conditions, the compact diquagkQ’ looks
grglllja:‘i:a(l)dair?ttg::ctsir?; r(\;\?itr? ﬁﬂfﬂ&?gﬂ;ﬁtq—eh é?g?ér(;?kxg hat means the confining potential with the linear ’tejm in the
may use a set of reliable results in models of mesons with QCD-moUvated models for the heavy diquarQQ )3c' In
single heavy quark, i.e., with a local static source belonginghe present work we use the nonrelativistic model with the
to the antitriplet representation of the SU{3group. The Buchmueer-Tye potential for the diquark, too.

successful approaches are the potential mgdeédsand the Second, in the singlet color stat® Q') there are separate
heavy quark effective theoHQET) [13] in the framework conservations of the summed sg@@rand the orbital momen-

of expansion in the inverse heavy quark mass. We apply theum L, since the QCD operators for the transitions between
nonrelativistic quark model with the potential by BucHieu  the levels determined by these quantum numbers, are sup-
and Tye[14]. Thentheoreticallywe can talk on the rough pressed. Indeed, in the framework of multipole expansion in
approximation for the light quark. Indeed, sincranCD QCD [15], the amplitudes of chromomagnetic and chromo-
<A qcp the light quark is relativistic. Nevertheless, we intro- electric dipole transitions are suppressed by the inverse
duce the system with a finite number of degrees of freedorheavy quark mass, but in addition, the major reason is pro-
and an instantaneous interactivigr). This fact is a disad- Vided by the following:(a) the necessity to emit a white
vantage because the confinement supposes the folloyang: object, i.e., at least two gluons, which results in the higher
the generation of sea around the light quark, i.e., the preprder in 1ing and(b) the projection to a real phase space in
ence of infinite number of gluons and quark-antiquark pairg2 physical spectrum of massive hadrons in contrast to the
and (b) the nonperturbative effects with the correlation timecase of massless gluon. Furthermore, the probability of a
Toco™~ VA qep, that is beyond the potential approach. How- hybrid state, say, the octet subsyste@Q’) and the addi-
ever, phenomenologicallythe introduction of constituent tjona| gluon, i.e., the Fock Stat@aécg% is suppressed due

NP__ ; ini N
massmy ™~ Aqcp @s a basic parameter determining the in to both the small size of system and the nonrelativistic mo-

teraction with the QCD condensates, allows us successfuIIMOn of quarks(for a more strict consideration see RE6))
to adjust the nonrelativistic potential model with a high ac-|, the antitriplet color state, the emission of a soft nonper-

curacyl ((fM ~3h0— 40 II\(/IeV)hby fitting tri:e e;)qstmg exper;.- b urbative gluon between the levels determined by the Spin
s sontmg he crial mament, ofdquar. st fridcen
the heavy aFr)1d light quarks ' Yhere are no some other_ no-go rules or §m§1II order param-
As for the diquarkQQ’ it. is completely analogous to the eters. For the quarks of identical flavors |_n_5|de the dlqua_lrk,
<X the Pauli principle leads to that the transitions are possible
heavy quarkoniunQQ" except the very essential peculiari- only between the levels, which either differ by the spin
ties: (1) (QQ')3_ is a system with the nonzero color charge; (AS,=1) and the orbital momentum( 4= 2n+ 1), instan-
(2) for the quarks of the same flav@=Q’ it is necessary to taneously, or belong to the same set of radial and orbital
take into account the Pauli principle for the identical fermi- excitations withAL4=2n. Therefore, the transition ampli-
ons. The second item turns out to forbid the sum of quarkudes are suppressed by a small recoil momentum of diquark
spins S=0 for the symmetric, spatial pariti-even wave in comparison with its mass. The transition operator chang-
functions of diquark¥ 4(r) (the orbital momentum equals ing the diquark spin as well as its orbital momentum, has the
Ly=2n, wheren=0,1,2...), aswell asS=1 is forbidden higher order of smallness because of either the additional
for the antisymmetric, antiodd function®y(r) (i.e., Ly  factor of ling or the small size of diquark. These suppres-
=2n+1). The nonzero color charge leads to two problemssions lead to the existence of quasistable states with the
First, we cannot generally apply the confinement hypoth-quantum numbers @&, andL. In the diquark composed by
esis on the form of potentigln infinite growth of energy the quarks of different flavorsyc, the QCD operators of
with the increase of the system sjiz@r the object under dipole transitions with the single emission of soft gluon are
consideration. However, it is unpossible to imagine a situanot forbidden, so that the lifetimes of levels can be compa-
tion, when a big colored object with a size-1/Aqcp has a  rable with the times for the forming of bound states or with
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the inverse distances between the levels themselves. Thdeyels of the diquark. Second, we consider the two body

we cannot insist on the appearance of excitation system fqiroblem for the light quark interacting with the pointlike

such the diquark with definite quantum numbers of the spirdiquark having the mass obtained in the first step. In accor-

and orbital momenturh. dance with the effective expansion of QCD in the inverse
Thus, in the present work we explore the presence of tWwheavy quark mass, we separate two stages of such calcula-

physical scales in the form of factorization for the wavetions. So, the nonrelativistic Schiimger equation with the

functions of the heavy diquark and light constituent quark.model potential motivated by QCD is solved numerically.

So, in the framework of the nonrelativistic quark model theAfter that, the spin-dependent corrections are introduced as

problem of the calculation of mass spectrum and characteperturbations suppressed by the quark masses.

istics of bound states in the system of doubly heavy baryons

is reduced to two standard problems on the study of station-

ary levels of energy in the system of two bodies. After that, A. Potential

we take into account the relativistic corrections dependent of

the quark spins in two subsystems under consideration. Thgccount the asymptotic freedom of QCD at short distances.

natural boundary for the region of stable states in the doubl . . )
heavy system can be assigned to the threshold energy for t%eo’ the effective coupling constant in the exchange by the

decay into a heavy baryon and a heavy meson. As w Ctet color state between the quarks is approximated by the

. .aQCD running coupling constant up to two-loop accuracy. At
shown in Ref.[17], the appearance of such a threshold Ir]Iong distances, there is the linear term of interaction energy,

different systems can be prowdeq _by thg existence of UNIVeTL hich leads to the confinement. These two regimes are the
sal characteristics in QCD, a critical distance between th

quarks. At distances greater than the critical separation, th‘ﬁemItS for the effective 8 function by Gell-Mann—Low. It

guark-gluon fields become unstable; i.e., the generation of s given explicitly in Ref|14]. In the antitriplet quark state

. ) we introduce the factor of 1/2 because of the color structure
valence quark-antiquark pairs from the sea takes place. In ; . .

. . ; of bound quark-quark state. For the interaction of diquark
other words, hadronic strings having a length greater than the

" . . . . . with the light constituent quark, the corresponding factor is
critical one, decay into strings of smaller sizes with a h|ghequal to unity
probability c_Iose to unity. In the frqmework of the poter_mgl AS was shc.)wn in Ref[18], the nonperturbative constitu-
approach_ this ?ffeCt can pe tak_en into account by restn(_:tm%m term introduced into the mass of the nonrelativistic
the consideration of excited diquark levels by the reg|on,quark exactly coincides with the additive constant, sub-

wherein the size of the diquark is less than the c:rltlcal'dls-,[rac,[ed from the Coulomb potential. We extract the masses
tancer oo <r.~1.4—1.5 fm. Furthermore, the model with

the isolated structure of diquark looks to be reliable, just if®] "2y quarks by fitting the real spectra of charmonium

the size of the diquark is less than the distance to the Iigh?nd bottomonium,

quarkr oo <rj.
The peculiarity of the quark-diquark picture for the dou- m.=1.486 GeV, m,=4.88 GeV, ey
bly heavy baryon is the possibility of mixing between the
states of higher diquark excitations, possessing different
quantum numbers, because of the interaction with the ligh$0 that the mass of the level in the heavy quarkonium has
quark. Then it is difficult to assign some definite quantumbeen calculated as, sayl(c)=2m.+E, whereE is the en-
numbers to such excitations. We will discuss the mechanisrergy of the stationary Schdinger equation with the model
of this effect. potential V. Then, we have supposed that the mass of the

The paper is organized as follows. In Sec. Il we describeneson with a single heavy quark is equaII\tt(Qa)zmQ
a general procedure for the calculation of masses for the mq+E andE=(T)+(V— V), whereas the additive term
doubly heavy baryons in the framework of assumptionsp the potential is introduced because the constituent mass of
drawn above. We take into account the spin-dependent cofight quark is determined as a part of interaction enesyy

rections to the potential motivated in QCD. The results of—, " |n accordance with fitting the masses of heavy me-
numerical estimates are presented in Sec. Ill and, finally, ouons we getn,=0.385 GeV.

We use the Buchniier-Tye potential, which takes into

conclusions are given in Sec. IV. The results of calculations for the eigenenergies in the
Schralinger equation with the Buchrtier-Tye potential are
II. NONRELATIVISTIC POTENTIAL MODEL presented in Tables I-Ill. The characteristics of correspond-

ing wave functions are given in Tables IV-VI.

As we mentioned in the Introduction, we solve the prob- \we have checked that the binding energy and the wave
lem of the calculat_ion of mass spectra of baryons containingynction of the light quark hardly depend on the flavors of
two heavy quarks in two steps. First, we compute the energyeavy quarks. Indeed, large values of diquark masses give

small contributions into the reduced masses. This fact leads
to small corrections to the wave functions in the Sclimger
1n other words, the presence of gluon field inside the bagn ~ €quation. So, for the states lying below the threshold of dou-
leads to the transitions between the states with the different excitddly heavy baryon decay into the heavy baryon and heavy
tions of a diquark, such dbc)—|bcg) with AS;=1 orALy=1, meson, the energies of levels of light constituent quark are
which are not suppressed. equal to
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TABLE I. The spectrum ofbb diquark levels without spin- TABLE Ill. The spectrum ofcc-diquark levels without spin-
dependent splittings: masses and mean-squared radii. dependent splittings: masses and mean-squared radii.
Mass (r?)*? Mass (r2)*? Mass (r?)%? Mass (r?)%?

Diquark level (GeV) (fm) Diquark level (GeV) (fm) Diquark level (GeV) (fm) Diquark level (GeV) (fm)

1S 9.74 0.33 P 9.95 0.54 1S 3.16 0.58 P 3.66 1.36

2S 10.02 0.69 K 10.15 0.86 2S 3.50 1.12 £ 3.90 1.86

3S 10.22 1.06 3 10.31 1.14 3S 3.76 1.58 D 3.56 1.13

4S 10.37 1.26 P 1045 1.39 2P 3.39 0.88 D 3.80 1.59

5S 10.50 1.50 ® 1058 1.61

3D 10.08 0.72 D 10.25 1.01

5D 10.39  1.28 ® 1053 151 Ri(0)=141 GeW?2 R, (0)=1.07 GeVW?

4F 10.19 0.87 L3 10.34 1.15

6F 10.47 1.40 5 10.28 1.01

6G 1042 1.28 e1 10.37 1.15 Rép(0)=0.511 GeV'2

E(1s)=0.38 GeV, E(2s)=1.09 GeV, For the binding energy of strange constituent quark we add

the current masmg~100—- 150 MeV.
E(2p)=0.83 GeV,

where the energy has been defined as the sum of light quark B. Spin-dependent corrections

constituent mass and eigenvalue of the Sdimger equation. According to Ref[19], we introduce the spin-dependent
In HQET the value ofA=E(1s) is generally introduced. corrections causing the splitting ofL levels of diquark as

Then we can draw a conclusion that our estimaté dé in ~ Well as in the system of light constituent quark and diquark
a good agreement with calculations in other approafh@ls  (n=n,+L+1 is the principal numbem; is the number of
This fact confirms the reliability of such phenomenologicalradial excitationL is the orbital momentum For the heavy
predictions. For the light quark radial wave functions at thediquark containing the identical quarks we have

origin we find

1Ly Sy dv(ry 8 1
dy=—| =9 _ 2=
R15(0)=0.527 GeV?, Vso(h) 2( ng) rdr +3“Sr3
R,(0)=0.278 GeV?, 2 1 LgSy 4 1
+sas— 5

o
2 .3 3%, 2
m r 3m
Rp(0)=0.127 GeV" Q Q

1 1
The analogous characteristics of bound states ot theark X Sq1-Sgal4md(1) ] - gas— ———
interacting with thebb diquark are equal to mg 4Lg—3
1
E(1s)=1.42 GeV, E(2s)=1.99 GeV, X[6(Ld’sd)2+3(|—d'Sd)_ZLSSczj]_a’ 2)
]

E(2p)=1.84 GeV,

wherelL 4, Sy are the orbital momentum in the diquark sys-
tem and the summed spin of quarks composing the diquark,
respectively. Taking into account the interaction with the

with the wave functions

TABLE Il. The spectrum ofbc diquark levels without spin-

dependent splittings: masses and mean-squared radii. light constituent quark givesSE S+ S)
) Mass (r%)*2 ) Mass (r?)2 TABLE IV. The characteristics of radial wave function for the
Diquark level (GeV)  (fm)  Diquark level (GeV)  (fm) bb diquark: Ryng(0) (GeVP?), Rinp(0) (GeVP?).
1S 6.48 0.48 P 6.93 1.16
L 0 L R/
25 679 0.5 ® 713 151 " Ratns (0) " 4 (0)
3S 7.01 1.33 D 6.85 0.96 1S 1.346 »r 0.479
2P 6.69 0.74 D 7.05 1.35 2S 1.027 F 0.539
4F 6.97 1.16 L3 7.16 1.52 3S 0.782 P 0.585
5G 7.09 1.34 & 7.19 1.50 4S 0.681 ¥ 0.343
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TABLE V. The characteristics of radial wave function for the whereash=11—2n/3 andn;=3 at p2< mg_ From the phe-

be diguark: Ry(ng(0) (GeVP?), R, (0) (GeVP?). nomenology of potential mode[d2] we know that the av-

) erage kinetic energy of quarks in the bound state practically
nL Ra(ng(0) nL Ranp)(0) does not depend on the flavors of quarks, and it is given by
1S 0.726 P 0.202 the values
3S 0.561 P

and
| 1(L-s; 2L-S\[ dvr) 8 1 (T1)=~0.4 GeV, ®
V=7 2+ S - S5 e N | |
4 2mg  2m, rdr 3 7°3 for the antitriplet and singlet color states, correspondingly.
1 1 (L-S§+2L-S) Substituting the definition of the nonrelativistic kinetic en-
+ s ag ergy
3 mgm r3
2
4 1 (=22 ©
+§a33m—le(Sd+Ld)'S[4775(r)] 24
1 1 1 we get

- —ag—— 6(L-S)>+3(L-S
3astml4L2_3[( )°+3(L-9) .

bIn(2(T)u/Adep)

3) whereas numericalljh gcp~113 MeV.

For the identical quarks inside the diquark, the scheme of
where the first term corresponds to the relativistic correctiot-S coupling well known for the corrections in the heavy
to the effective scalar exchange, and other terms appear bguarkonium, is applicable. Otherwise, for the interaction
cause of corrections to the effective single-gluon exchangwith the light quark we use the schemejgpfcoupling[here,
with the coupling constants. LS, is diagonal at the given),, (J=L+S§,J=J+J),

The value of effective parametes, can be determined in \yhereJ denotes the total spin of baryon, adds the total
the followmg way. The splitting in th&wave heavy quarko- spin of diquarkJ_:Sd+ Lyl

as(p?) = (10

—2L282—6(L~Sd)2—3(L-Sd)+2L28§]£,
r

nium (Q,Q,) is given by the expression Then, to estimate various terms and mixings of states, we
g 1 use the transformations of basé@s what follows S=S
= — o—— 2 +J
AM(ns) 9a3m1m2|RnS(O)| , (4) )
where R,4(r) is the radial wave function of quarkonium. |J§J|>ZES (—DUFSFLIIJ(28+1) (23 +1)
From the experimental data on the systencof o
- J § S
AM(1S,cc)=117+2 MeV, (5) X{ L3 Jl]|3?5> 1y
and R;5(0) calculated in the model, we can determinegng
ag(WP). Let us take into account the dependence of this pa-
rameter on the reduced mass of the sysjenin the frame- _ TS L3
work of one-loop approximation for the running coupling |J’JI>:% (=DEFSTEII(234+1)(23+1)
constant of QCD we have -
[J ) Jd]UJ) (12)
A7 X iJd)-
ag(p?)= 6) S 3

bIn(p%/Adcp) , .
Thus, we have defined the procedure of calculations for the

TABLE VI. The characteristics of radial wave function for the M&SS spectra of doubly heavy baryons. This procedure leads

cc diquark: Ryng(0) (GeVEd), Rl (0) (GeVP?). to results presented in the next section.

nL Rung(0) nL Ré(np)(o) . NUMERICAL RESULTS

1S 0.530 » 0.128 In this section we present the results on the mass spectra
25 0.452 P 0.158 which account for the spin-dependent splitting of levels. As

we have clarified in the Introduction, the doubly heavy bary-
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ons with identical heavy quarks allow quite a reliable inter- —-36 —-05
MeV, (20

pretation in terms of diquark quantum numbéte summed _05 124
spin and the orbital momentynDealing with the excitations ' '
of thebc diquark, we show the results on the spin-dependent inat
splitting of the ground & state, since the emission of soft

gluon breaks the simple classification of levels for the higher
excitations of such diquark. For the doubly heavy baryons,

the quark-diquark model of bound states obviously leads to

the most reliable results for the system with the larger mass _
of heavy quark, i.e., foE pp,. For J=3, the matrix has the form

A'GP=)\1=-36 MeV,

ACR=)\,=12.4 MeV. (21)

A. E,p, baryons MeV, (22
. —-17.6 —13.5
For the quantum numbers of levels, we use the notations
ngLqgnil;, i.e., we show the value of principal quantum num-with the eigenvectors
ber of diquark, its orbital momentum by a capital letter and
the principal quantum number for the excitations of light |1S2p(3'))=0.776J,=3)—0.631J,=3),

quark and its orbital momentum by a lowercase letter. We
denote the shift of level b as dependent on the total 1152p(3))=0.6313,=2)+0.7763,= 1)
spin of baryonJ. So, for 1S2p we have 2 2 2 (23)

APP=10.3 MeV. (13 possessing the eigenvalues

The states with the total spih=3 (or 3), can have different
values ofJ;, and, hence, they have a nonzero mixing, when
we perform the calculations in the perturbation theory built
over the states with the definite total momentdmof the
light constituent quark. Fai= 3, the mixing matrix equals We can straightforwardly see, that the difference between the
wave functions as caused by the different masses of diquark

A'M2=)\!=8.2 MeV,

A=) ,=—-27.8 MeV. (24)

—-30 -05 MeV 14 subsystem, is unessential.
—05 114 V€V (14 The splitting of diquarkA ¢ has the form
so that the mixing practically can be neglected, and the level 3D1s:

shifts are determined by the values
A®=-0.06 MeV,

A'CRD=)\/=-3.0 MeV,

A®)=0.2 MeV,
ACRP=)\,=11.4 MeV. (15)

AM=-0.2 MeV. (25)

For J=%, the mixing matrix has the form
4D1s:
-57 -—17.8
3)_

_178 —149 MV (16) A®=—-26 MeV,

with the eigenvectors given by

A@=-0.8 MeV,

|1S2p(1))=0.790J,=32)—0.613J,=1), AM=—-46 MeV. (26)
|1S2p(3))=0.6133,=3)+0.7903,=3), 17) 5D1s:
and the eigenvalues equal A®=2.6 MeV,
A'AD_\1-81 MeV, AP=-0.9 MeV,
AWD=),=—-287 MeV. (18) A=-47 MevV. (27)

For the 252p level, the corresponding quantities are equal to

AGP=10.3 MeV, (19

and forJ=3, the mixing matrix is equal to
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A®=1.1 MevV, e
AP =17 MeV,
352
1ol 6P1s
A(l): 20 MeV (28) Ay B threshold
: ' 1925 5P1s 2% 3D2p
I — —_— p— 5D1s 2P2p
j— 4P1s
6G1s: 551s —— g, =
—_— 3P s —_— L i
10.5.2S1 12 5- 3D1s =
3 p— i
A®)=32 MeV, =¥ opls ___ ap- o
JE—
151
A®=—05 MevV, Bt
10.0
AB®=—-4.4 Mev, FIG 2. The spectrum of baryons, containing tivquarks=

and = Mbb which account for the spin-dependent splittings of low-

A@=_79 MeV, lying excitations. The masses are given in GeV.

1
AM=-10.5 MeV. (29) 5v~m—Q[51-Hl+sZ-H2—(sl+g)-<H>]
Such corrections are unessential up to the current accuracy of 1
method M ~30—-40 MeV). They can be neglected for the - 2m s (V- ra)($—5,)-H
excitations, whose sizes are less than the distance to the light
quark, i.e., for diquarks with small values of principal quan- 1 rry
tum number. ~ s 5(S1mS) - f(ry),
Q mqr|

For the hyperfine spin-spin splitting in the system of

quark-diquark, we have wheref(r,) is a dimensionless nonperturbative function de-

) 3 1 pending on the distance between the light quark and diquark.
n_= _ - The 6V operator changes the orbital momentum of light
A =g+~ I3+ 3|os2u iy |R' o) quark, too. It results in the mixing between the states with
(300  the same values ai’. If the splitting is not smallfor in-
stance, P1s—1S2p, whereAE~ A ocp), then the mixing is
whereR;(0) is the radial wave function at the origin for the suppressed as
light constituent quark, and for the analogous shift of diquark

level, we find 1 rgq1
8V/AE~m r4 AE <1.
@_ 1 1 2
Ans _§a5(2'“T);§|Rd(O)| ' BD  Since the admixture of 32p in the 2P1s state is low, the

2P1s levels are quasistable, i.e., their hadronic transitions
into the ground state with the emission ef mesons are

+ =0 i . o
The mass spectra &, and E;,, baryons are shown in suppressed as we have derived, though an additional sup-

Fig. 2 and in Table VII, wherein we restrict ourselves by the
presentation ofs, P-, andD-wave levels.

We can see in Fig. 2, that the most reliable predictions are
the masses of baryonsSls (I°=3/2", 1/2"), 2P1s (3"  (nLynL), I Mass(GeV) (nglgnl), J° Mass(GeV)
=3/27, 1/27), and D1s (I°=7/2%, ...,1/2"). The 2P1s

TABLE VII. The mass spectrum ¢&,, and =, baryons.

level is quasistable, because the transition into the grountS1s)1/2" 10.093 (Pls)1/2” 10.493
state requires the instantaneous change of both the orbit&lS1s)3/2" 10.133 (D1s)5/2'" 10.497
momentum and the summed spin of quarks inside the dit2P1s)1/2 10.310 (D1g)7/2" 10.510
quark. The analogous kind of transitions seems to be th&P1s)3/2” 10.343 (P1s)3/2" 10.533
transition between the states of orthohydrogen and parahy2S1s)1/2* 10.373 (1S2p)1/2~ 10.541
drogen in the molecule dfi,. This transition take place in a (2Sl1s)3/2* 10.413 (182p)3/2~ 10.567
nonhomogeneous external field due to the magnetic momen{sD1s)5/2* 10.416 (1S2p)1/2' - 10.578
of other molecules. For the transition oP2s—1S1s, the  (3D1s)3/2'* 10.430 (1s2p)5/2~ 10.580
role of such external field is played by the nonhomogeneougp1s)1/2* 10.463 (182p)3/2' - 10.581
chromomagpnetic field of the light quark. The corresponding3p1s)3/2* 10.483 (Bls)1/2 10.563

perturbation has the form
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pression is given by a small value of phase space. Therefore, AGCR=17.4 MeV. (32)
we have to expect the presence of narrow resonances in the
mass spectra of pairg,,m, as they are produced in the ForJ=2, the mixing is determined by the matrix
decays of quasistable states with=3/2", 1/2". The ex-
perimental observation of such levels could straightfor- 43 -17
wardly confirm the existence of diquark excitations and pro- -17 7.8
vide the information on the character of dependencf(in),
i.e., on the nonhomogeneous chromomagnetic field in th&0 that the eigenvectors
nonperturbative region.

Sure, the ®1sF=7/2", 5/2" states are also quasistable, ~ |1S2p(3'))=0.986J,=3)+0.164J,=3),
since in the framework of multipole expansion in QCD they

) MeV, (33

transform into the ground state due to the quadrupole emis-  |1S2p($))=—0.164J,=%)+0.986J,=3), (39
sion of gluon(the E2 transition with the hadronizatiogq
—q'm). have the eigenvalues
As for the higher excitations, theP3. s states are close to @Dy 1
the 1S2p levels withdP=3/2", 1/27, so that the operators A"PE=\1=3.6 MeV,

changing both the orbital momentum of diquark and its spin,
can lead to the essential mixing with an amplitude
SV AE,~1, despite suppression by the inverse heavaorJ:
guark mass and small size of diquark. We are sure that the
mixing slightly shifts the masses of states. The most impor- —-36 -550
tant effect is a large admixture ofSEp in 3P1s. It makes ( ) MeV, (36)
the state to be unstable because of the transition into the —95.0 —730
ground 1S1s state with the emission of gluojthe E1 tran-
sition). This transition leads to decays with the emissionrof
mesons. 11S2p(1'))=0.9573,=2)—0.291J,=

The level 1S2pJP=5/2" has the definite quantum num- p(z"))=0. 1=2)-0. =2)
bers of diquark and light quark motion, because there are no . 5 L
levels with the same values af in its vicinity. However, its |1S2p(3))=0.2913,=3)+0.9573,=3), (37)
width of transition into the ground state amdmeson is not
suppressed and seems to be laige,100 MeV.

AGR=)\ =85 MeV. (35

1, the mixing matrix equals

where the vectors

have the eigenvalues

The following transitions take place: A= \1=26.8 MeV,
3 3+ 1/2
5 —3 7 in S wave, AM2=),=-103.3 MeV. (38)
. The splitting of the ® diquark level is given by
37 1
5 — 7 in D wave, A®=-3.02 MeV,
1- 3+ AP)=219 MeV,
- —— o in D wave,
2 2 AM=3.39 MeV. (39)
1~ 1t Further, we have to take into account the hyperfine spin-spin
5 —3 min S wave. corrections in the quark-diquark system.

For the 1S and 2S wave levels of diquark, the shifts of
The D-wave transitions are suppressed by the ratio of lowector states are equal to
recoil momentum to the mass of the baryon. The width of
state J’=3/2" is completely determined by the radiative A(19)=6.3 MeV,
electromagneti® 1 transition into the basid”=1/2" state.

A(2S)=4.6 MeV.
B. B baryons The mass spectra of tH8.." and E/, baryons are pre-

The calculation procedure described above leads to theented in Fig. 3 and Table VIII.
results for the doubly charmed baryons as presented below.
For 1S2p, the splitting is equal to C. E¢ baryons

As we have already mentioned in the Introduction, the
heavy diquark composed of the quarks of different flavors,
“Remember, that th& oo baryons are the isodoublets. turns out to be unstable under the emission of soft gluons.
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352p 252 so1
- *}
5 2P 3P2p 75 | 152 —— A, D threshold
T 3D2p
252 - 351 4P1s 152p D% Al
1523 2P2p 3P1s
351s afrt A. D threshold 281 3D1s
— 3P 159p e — Uz 2P1s
4oL X e e YA 3D1s — g M —
251s 3/2 iy = ot 151s ozt
12+ 2P1s 3/2 — —
1/2-
151s afat
3.50 1o+ 6.5
FIG. 4. The spectrum ¢E . and=E ] baryons without the split-
tings of higher excitations. The masses are given in GeV.
3.0

FIG. 3. The spectrum ¢& /.

given in GeV.

So, in the Fock state of doubly heavy baryon, there is
sizable nonperturbative admixture of configurations includ

+

and= . baryons. The masses are

Mz =6.85 GeV, Mz =6.82 GeV,
~bc ~bc

whereas for the vector diquark we have assumed that the
spin-dependent splitting due to the interaction with the light

éhuark is determined by the standard contact coupling of mag-

netic moments for pointlike systems. The picture for the

ing the gluons and diquark with the various values of its spi

"baryon levels is shown in Fig. 4 with no account for the
Sy and orbital momentunh 4, y g

spin-dependent perturbations suppressed by the heavy quark

Syl Sy= 1L masses.
|Bbcq>:OB|bC§i daQ>+H1|bC§c: ‘.9.,0)

+ H2|bc? La* 1,g,q>+ . D. The doubly heavy baryons with the strangeness) ¢
¢ In the leading approximation, we suppose that the wave

h functions and the excitation energies of strange quark in the
respect to0g. In heavy quarkonium, the analogous opera-f'eld of doubly heavy diquark repeat the characteristics for

tors for the octet-color states are suppressed by the probaij;]e ar;alogo#slbari/ons conte;iging the ordinar)é qualr,lcrl?
ity of emission by the nonrelativistic quarks inside a small ' ere ore, the leve s_y_stem_o aryoflgq reproduces that
volume determined by the size of singlet-color system of°f =qq' UP to an additive shift of the masses by the value of

heavy quark and antiquark. In the baryonic system undefUrrént mass of strange quarkne~M(Ds)—M(D)
M (B.)—M(B)~0.1 GeV.

consideration, a soft gluon is restricted only by the ordinary™ _ i .
scale of confinement, and, hence, there is no suppression. _F-urthermore, we suppose that the spin-spin splitting of
We suppose that the calculations of masses for the excite@” 1S and D1s levels of 1qgq is 20-30% less than in
=, baryons are not so justified in the given scheme. ThereS g (the factor ofm, 4/mg). As for the 1S2p level, the
fore, we present only the result for the ground state withProcedure described above can be applied. Sc(igy, the

whereas the amplitudes &f;, H, are not suppressed wit

JP=1/2%

matrix of mixing for the states with the different values of
total momentumJ; practically can be assigned to be diago-
nal. This fact means that the following term of perturbation

TABLE VIIl. The mass spectrum oE " and E; baryons. : :
is dominant:
P P
(ngLgniL)), J Mass(GeV) (ngLgniL)), J Mass(GeV) 125 Vi) 8 1
(181s)1/2* 3.478 (P1s)1/2 3.972 2\ oz |\ Trar + 3%3)
(1S1s)3/2* 3.61 (D1s)3/2* 4.007 '
(2P1s)1/2” 3.702 (1S2p)3/2'~ 4.034
(3D1s)5/2* 3.781 (1S2p)3/2- 4.039 Therefore, we can think that the splitting o82p is deter-
(2S1s)1/2* 3.812 (1S2p)5/2” 4.047 mined by the factor ofnj o/mZ with respect to the splitting
(3D1s)3/2* 3.83 (Dd1s)5/2'* 4.05 of corresponding=,y, i.e., it is 40% less than irE,.
(2P1s)3/2” 3.834 (1s2p)1/2' ~ 4.052 Hence, the splitting is very small.
(3D1s)1/2" 3.875 (381s)1/2" 4.072 For the baryon(), the factor ofmg/m. is not small.
(1S2p)1/2° 3.927 (D1s)7/2* 4.089 Hence, for B52p, the mixing matrix is not diagonal, so that
(2S1s)3/2* 3.944 (P1s)3/2" 4.104 the arrangement of32p states of) can be slightly different

than that of=.
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125 TABLE IX. The mass spectrum dR{, . baryons.
(ngLgniLy), I Mass(GeV)  (ngLgniL)), J°  Mass(GeV)

aszp . (1S1s)1/2* 11.12 (D1s)3/2'* 11.52
1200 — =u D thiocheld (1S1s)3/2" 11.18 (D1s)5/2' 11.54
. 2% 5Dls ypy, 3D (2P1s)1/2 11.33 (1S2p) /2 11.55
L il Dl (2P1s)3/2 11.39 (D1s)7/2* 11.56
Pls ___,, 15% __ ¥ = (2S1s)1/2" 11.40 (1S2p)3/2' - 11.58
Wokogt T B = (3D1s)5/2" 11.42 (152p)3/2 11.58
L — = o (3D1s)3/2" 11.44 (1S2p)1/2' 11.59
St o (3D1s)1/2* 11.46 (152p)5/2 11.59
— (2S1s)3/2" 11.46 (P1s)3/2 11.59
110 (3P1s)1/2 11.52 (Bls)1/2° 11.62

FIG. 5. The spectrum o)), . baryons which account for the

spin-dependent splittings for the low-lying excitations. Masses are .
ohven in ey, O ying and for 251s — 3D1s with J°=1/2*, 3/2. We suppose the

prediction to be quite reliable for the states dflk with

JP=1/2%, 3/2", 1S2p with JP=5/2", and D1s with J°

=5/2", 7/12". For these excitations, we might definitely pre-
adict the widths of their radiative electromagnetic transitions
into the ground state in the framework of multipole expan-
sion in QCD. The widths for the transitions will be essen-
ially determined by the amplitudes of admixtures, which

The following peculiarity of() oo 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 kheneson(the
transitions of() o — E g + K), while a single emission of

the = meson is forbidden because of the conservation o N del d d Theref th .
isospin and strangeness. The hadronic transitions with kao Ve a strong model dependence. Therelore, the experimen-

are forbidden because of insufficient splitting between thd@! Study of electromagnetic transitions in the family(@f,
masses 0flqo and= o . The decays with the emission of baryons could provide a valuable information on the mecha-
pion pairs belonging to the isosinglet state, are suppressed ByS™M Of mixing between the different levels in the baryonic
a small phase space or even forbidden. Thus, the radiativyystems. The electromagnetic transitions combined with the

electromagnetic transitions into the ground state are th&Mission of pion pairs, if not forbidoden by the phase space,

dominant modes of decays for the low-lying excitations ofSaturate the total widths of excite@, levels. The charac-
Qogr - teristic value of total width is about~ 10— 100 keV, in the

order of magnitude. Thus, the system@§, . can be char-
acterized by a large number of narrow quasistable states.
E. Q. baryons
In the framework of quark-diquark picture, we can build
the model for the baryons containing three heavy quarks
bbc. However, as we estimate, the size of diquark turns out |n this paper we have calculated the spectroscopic char-
to be comparable with the average distance to the charmestteristics of baryons containing two heavy quarks, in the
quark. So, the model assumption on the compact heavy dimodel with the quark-diquark factorization of wave func-
quark cannot be quite accurate for the calculations of masgons. We have explored the nonrelativistic model of con-
levels in this case. The spin-dependent forces are negligiblytituent quarks with the potential by Buchten and Tye.
small inside the diquark, as we have already pointed outhe region of applicability of such the approximations has
above. The spin-spin splitting of vector diquark interactingbeen pointed out.
with the charmed quark, is given by We have taken into account the spin-dependent relativis-
tic corrections to the potential in the subsystems of the di-
A(1s)=33 MeV, A(25)=18 MeV. quark and light quark diquark. Below the threshold of decay
into the heavy baryon and heavy meson, we have found the
For 1S2p, the level shifts are small. So, for the stal®  system of excited bound states, which are quasistable under
=1/2" we have to add the correction ef33 MeV. For the  the hadronic transitions into the ground state. We have con-
3D 1s state the splitting is determined by the spin-spin inter-sidered the physical reasons for the quasistability taking
action. The characteristics of excitations for the charmegjace for the baryons with two identical quarks. In accor-
quark in the model with the potential by Buchtien and Tye  dance with the Pauli principle, the operators responsible for
have been presented above. Finally, we obtain the picture @he hadronic decays and the mixing between the levels, are
Qpp levels presented in Fig. 5 and Table IX. suppressed by the inverse heavy quark mass and the small
Further, the excitations of grourfdy, . state can strongly ~ size of diquark. This suppression is caused by the necessity
mix with large amplitudes because of small splittings be-of instantaneous change in both the spin and the orbital mo-
tween the levels, but they have small shifts of masses. Thimentum of compact diquark. In the baryonic systems with
effect takes place for Bls — 1S2p with J’=1/27, 3/2°,  two heavy quark and the strange quark, the quasistability of

IV. CONCLUSION
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