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Abstract A mechanism of the heavy quark dominance in
the orbital excitation is proposed in this paper which is tes-
tified to be reasonable for singly and doubly heavy baryons.
In the relativistic quark model, an analysis of the Hamil-
tonian figures out the mechanism that the excitation mode
with lower energy levels is always associated with the heavy
quark(s), and the splitting of the energy levels is suppressed
by the heavy quark(s). So, the heavy quarks dominate the
orbital excitation of singly and doubly heavy baryons. Fur-
thermore, a physical understanding of this mechanism is
given in a semi-classical way. Accordingly, the predicted
mass spectra of singly and doubly heavy baryons confirm
the rationality of this mechanism. In addition, an interesting
consequence of this mechanism is that a heavy-light meson
is more likely to be produced in the strong decay of the high-
orbital excited states, which is supported by experiments.
This mechanism is rooted in the breakdown of the mass sym-
metry. Therefore, it may be also valid for other multi-quark
systems, such as the tetraquarks Qgqqg and Q Qggq, or the

pentaquarks Qgqqq and Q Qqqq.

1 Introduction

Quantum Chromodynamics (QCD), the theory of quarks and
gluons, has been developed for 50 years [1]. An important
prediction of QCD is the existence of heavy baryons. The
study of heavy baryon spectroscopy has always been one
of the hot topics. It contributes to a deeper understanding
of the properties of heavy quarks, such as the heavy quark
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symmetry, chiral dynamics, feature of strong interactions,
and relevant models inspired by QCD. Until now, there have
been various methods to analyze baryon spectra (see [1,2]
and references therein). Among them, quark potential models
are currently an indispensable tool for guiding our complete
understanding of the multitude of observed baryons and their
properties [3].

Copley, Isgur and Karl first studied the charmed baryons
in a quark potential model with hyperfine interactions [4].
While the first prediction of the full spectrum of baryons
including heavy-quark baryons was presented by Capstick
and Isgur in 1986, where the relativistic quark model was
developed [5,6]. Twenty years later, Roberts and Pervin ana-
lyzed the heavy baryons systematically and exhaustively,
using a non-relativistic quark model [7]. All of the above
studies tried to give a unified theoretical description of all
baryons including heavy-quark (Q) baryons, by solving the
three-quark system explicitly. These works continue to serve
as guidelines for experimental and theoretical researches.
However, their calculations predict more heavy-quark baryon
excited states than those presented in the spectra extracted
from data. It is actually a general problem with baryon spec-
troscopy, which first appeared in the light-quark (g) baryons
and was called the ‘missing resonance’ problem [1-3].

A possible solution to this problem is to partially freeze
the dynamical degrees of freedom in a three-quark system.
For example, if a baryon consists of a quark and a diquark, the
reduction of the number of internal degrees of freedom would
lead to a more sparsely populated spectrum [3]. Based on this
idea, Ebert, Faustov and Galkin calculated the spectra of the
singly heavy baryons in the heavy quark-light diquark picture
in the framework of the QCD-motivated relativistic quark
model, where the excitations between the two light quarks are
frozen [8,9]. It was found that the available experimental data
can be well described and the model predicts significantly
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The singly heavy baryon

The doubly heavy baryon

Fig. 1 Jacobi coordinates for the three-quark systems. The heavy
quarks are represented by bigger balls and the light quarks by smaller
balls. They are numbered for ease of use in calculations

fewer states than the genuine three-body picture [9]. Later,
some theoretical works were carried out to investigate the
singly heavy baryons with similar methods [10-14]. These
methods have also been applied to the spectroscopy of doubly
heavy baryons, where the light quark-heavy diquark structure
is assumed [15-19]. However, the reliability of the extension
of this method has yet to be tested. ‘It is telling that this
simple diagnostic is difficult to apply since so little is known
of the excited baryon spectrum’ [1].

For a three-quark system, quark models feature the orbital
excitations in two relative coordinates. As shown in Fig. 1,
they are often taken to be the Jacobi coordinates p and
A, which is consistent with the flavor sectors of the light
quark pair (g1q2) in a singly heavy baryon or the heavy
quark pair (Q1 Q») in a doubly heavy baryon (see Sect. 2.1).
In 2016, Yoshida, Hiyama, Hosaka, Oka and Sadato dealt
rigorously with the three-quark systems, and analyzed the
low-lying excitations of singly and doubly heavy baryons,
respectively [20]. They concluded that the excitation of the A-
mode becomes dominant in low-lying states of singly heavy
baryons. While the p-mode becomes dominant in low-lying
states of doubly heavy baryons. In fact, these features have
been mentioned earlier [4,7], and in particular, they were
expressed systematically in Ref. [7]. Later, Chen, Luo, Liu
and Matsuki noticed that almost all observed single heavy
baryons could be explained as the A-mode excited states (in
the diquark picture) in theory [21].

Inspired by the above theoretical achievements, in 2022,
the spectra of singly heavy baryons were studied systemat-
ically, in which all orbital excitations were assumed in the
A-mode [22,23] and the p-mode was used alone to study the
excitations of doubly heavy baryons [24-26] in the frame-
work of the relativistic quark model [5,6]. The calculated
results are satisfactory, especially, the predicted spectra of
singly heavy baryons can reproduce almost all experimental
data nicely. Then, the rationality of this approach and the
physical nature behind it need to be carefully considered.

@ Springer

As shown in Fig. 1, the determination of the Jacobi coor-
dinates A in a singly heavy baryon and p in a doubly heavy
baryon is associated with the heavy quark(s). The same is
true of the corresponding orbital excitation modes. Hence,
it implies that the orbital excitation may be dominated by
the heavy quarks. In this paper, we will comprehensively
analyze the heavy quark dominance (HQD) mechanism in
orbital excitations of singly and doubly heavy baryons, and
discuss the reasonability of the HQD approximation.

The remainder of this paper is organized as follows. In
Sect. 2, the HQD mechanism is analyzed with the Hamil-
tonian of the relativistic quark model and a semi-classical
approach. In Sect. 3, the HQD approximation is tested in
singly heavy baryons. Section 4 discusses the HQD approx-
imation in doubly heavy baryons. The signature of the HQD
mechanism in the strong decay is analyzed in Sect. 5. And
Sect. 6 is reserved for the conclusions.

2 Analysis of the HQD approximation with the
Hamiltonian

2.1 Hamiltonian and the wave function

In our previous studies on the spectroscopy of singly and
doubly heavy baryons, we adopted the relativistic quark
model [5,6]. In the calculation, the Gaussian expansion
method (GEM) and the infinitesimally-shifted Gaussian
(ISG) basis functions have been used as well [27]. For the
convenience of discussion, a brief introduction of the Hamil-
tonian and the wave function is presented here. In the rela-
tivistic quark model, the Hamiltonian for a three-quark sys-
tem reads,

H = HO + Hconf + H% 4+ thp

SRR 3 R Y Ll

l<]

where the interaction terms H;; conf . Hj 52 and H; P are the
confinement, spin-orbit and hyperﬁne 1nteract10ns respec-
tively. The confinement term H'"*/ includes the one-gluon
exchange potentials G;; and lmear confining potentials S;;,
in which the smearing transformations are performed. And
the interactions have been modified with the momentum-
dependent factors.

With the requirement of the flavor SU (3) r subgroups for
the light quark pair (g1¢2), the singly heavy baryons belong
to either a sextet (6f) of the flavor symmetric states, or an
antitriplet (37) of the flavor antlsymmetrlc states. Thus, A g
and E belong to the 3F sector; T, E B and Q¢ belong to
the 6 sector. Here Q denotes charm (c¢) quark or bottom ()
quark. Analogously, in the doubly heavy baryons, E;. and
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Qpe belong to the 31 sector, Ebb(ce) E;C, Qpp(ce) and Q;}C
belong to the 65 sector, with the requirement of the heavy
quark pair (Q1Q>) as shown in Fig. 1.

Based on the above discussion and the heavy quark effec-
tive theory (HQET) [7,28,29], the spin and orbital wave func-
tion of the state is written as

llp I Ls jJMy)={[(l, mp)ll my))p x (Is1 mg)|s2 ms,))s];
x|s3 mg3)}im, - (2)

l,(13), L and s are the quantum numbers of the relative orbital
angular momentum [, (), total orbital angular momentum
L, and total spin of the quark pair s, respectively. j denotes
the quantum number of the coupled angular momentum of
L and s, so that the total angular momentum J = j + %
And M is the 3rd component of J. Then, the baryon state
is simply labeled with nL(J);, in which n is the quantum
number of the radial excitation.

The orbital part of the above wave function (|/, m )|l
m;.)) is expanded in terms of the Gaussian basis functions.
Then, the matrix element of each Hamiltonian term can be
obtained on these bases with the Jacobi coordinates p and
A as shown in Fig. 1 (for details, see [5,22,23]). Thus, the
eigenvalues of the Hamiltonian for the orbital excited states
can be calculated. Particularly, the contribution of each term
to the eigenvalues can be analyzed, which will be done in the
next subsection.

2.2 HQD mechanism in the orbital excitation

For the L-wave excitation with L = [, + I;, there are an
infinite number of orbital excitation modes. Taking L = 1 as
an example, the excitationmodes (/,, ) are (1, 0)1, (0, 1)1,
1, Dy, 2, 1)1, (1,2)1, (2,2)1, and so on. Here (L, 0)y is
the so-called p-mode, and (0, L), the so-called A-mode.

Now we analyze the excitation energies of the A-mode and
the p-mode with L = 1. Tables 1 and 2 in the Appendix list
the details of each term contribution to the eigenvalues of the
Hamiltonian. For comparison, Types I, Il and III in each table
are presented, which correspond to the light-quark baryon,
singly heavy baryon and doubly heavy baryon, respectively.
H in the last column is the total energy (the mass of the state).
A in the brackets is the excitation energy of each term with
respect to the ground state.

As shown in Tables 1 and 2, the energy levels of each
(I, [)nL mode are dominated by the sum of Hp, ) G; j and
> Sij. While H hyp and H*® are responsible for the splitting
of the levels. This feature can be seen more clearly in Figs. 2
and 3. For the convenience of the following discussion, we
define

Hpode = Ho+ Y Gij + Y _ Sij. 3)

600 —
wl UL (I, (For the 3 sector)
L (1,001p ——G/2), (0,D)1P
400 |- T (312),
I (0,1)1=sz:‘ QO 5y ~_(—(1/2'§l
300 - Y G2, (ODIP [13//22))' (1,0)1P
- 12 12
-l =) ‘5 .
i FNEY)
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200 Typel 0 m=m,=220MeV m =4977MeV
300 B m1:m2:m3:220MeV m3:4977MeV m2:1628MeV, m3:220MeV

Fig. 2 Relative energy levels (A Hyo4.) and the energy splittings of
the p-mode and the A-mode for the 37 sector with Types I, II and IIL
The energy values are in MeV

whose eigenvalues stand for the energy levels of the excita-
tion modes (I, ;). Then, we use (A H,,pq4¢) to represent
the excitation energies (relative energy levels) of the modes
with respect to the pure S-wave mode (0, 0)¢.

Compared with Type I, as shown in Fig. 2, m3 in Type Il is
replaced by a heavy quark mass (m, = 4977 MeV), which
leads to two results in Type II: (1) The excitation energy
of the (0, 1)1 P mode is suppressed; (2) The corresponding
energy splitting is also reduced. As a whole, the energy level
of the A-mode and the energy splitting are both suppressed
due to the mass of the heavy quark. The same is true in
Type 111, nevertheless, here the excitation energy of the p-
mode is suppressed which is caused by the heavy quark pair.
The similar phenomenon can be seen for the 65 sector as
shown in Fig. 3. The conclusion in this work is the same
as that of Refs. [7,20]. We can uniformly summarize that
the lower orbital excitation energy is caused by the heavy
quark(s) in singly and doubly heavy baryons. This is the
HQD mechanism.

This mechanism can be understood in a semi-classical
way. The orbital excitation generates the rotational kinetic
energy E, k., which increases the kinetic energies of quarks
and the radial distance between quarks. The former con-
tributes directly to H,. While the latter raises the values of
> G;j and ) S;; due to the one-gluon exchange potential
G(r) = —‘% and linear confinement potential S(r) =
b'r+c'.Here b’ and ¢’ are constants. o, (r) is the running cou-
pling constant and has been parameterized [6]. Therefore, the
rotational kinetic energy E, ;. determines (A Hy,pq.) finally.
While the rotational kinetic energy in a given state (E.)
depends on the moment of inertia of the state (/) through
(Err) = % So, a larger (I) will cause a smaller (E, ),
which will eventually lead to a lower (A Hyode)-

@ Springer
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Fig. 3 Same as Fig. 2, but for the 6 sector

For a two-body system rotating in a plane, the following
relationships exist, marqa = mprp and rq + rp = r. Here
ma(p) denotes the mass of A(B) particle. r4(p) is the corre-
sponding distance to the center of mass. Then, the moment
of inertia of the system [/ = mAr/% + mBré = % 2
For the P-wave orbital excitation of singly heavy baryons,
the A-mode means (I, [;) = (0, 1). If we take the baryon
as a two-body system with my = mg > my and mp =
My, +mg, ~ 2mgy, (1)) ~ qu(r%) is obtained based on the
above discussion. In the p-mode with (/,, ;) = (1,0), the

rotation occurs in the two light quarks. And (/) ~ %mq (rg)

asmy ~ mp ~ mgy.Inthis way, for both of the (3F) and (6r)
sectors, we can obtain the moment of inertia (/) for Types I, I
and III. By using the calculated values of (rf)) 1/2 and (r)%) 172,
we can estimate the value of the rotational kinetic energy
(E\x.) and compare it with the excitation energy (A Hy,ode)-

The used variables and comparison results are listed in
Table 3. It is shown that for Type II (the singly heavy
baryons), the estimated values of (E; . ) in the A-mode are
lower than those in the p-mode, being the bigger moment of
inertia (/) in the A-mode due to the influence of the heavy
quark. By comparison, it can be seen that the estimated
(Eyx.) is near (A Hypqe). For Type III (the doubly heavy
baryons), we can conclude that the heavy quarks dominate
the lower (E,.) in the p-mode, which qualitatively agrees
with (A Hy;,04¢) as shown in Table 3.

The above discussion confirms our understanding that
the rotational kinetic energies E, . of the excitation modes
involving heavy quark(s) are significantly lower, which deter-
mines the relative energy levels of the excitation modes.
Therefore, the HQD mechanism has been understood in the
semi-classical way. On the other hand, the suppression of the
energy levels splitting for heavy baryons can be explained in
the heavy quark limit [7,30,31]. We may conclude that the
excitation mode with lower energy levels is always associ-
ated with the heavy quark(s), and the energy level splitting is

@ Springer

also suppressed by the heavy quark(s). So, the heavy quarks
dominate the orbital excitation of singly and doubly heavy
baryons.

3 The test of HQD approximation in singly heavy
baryons

3.1 The orbital excitation of singly heavy baryons

For further investigating the HQD approximation in singly
heavy baryons, the evolution of the excitation energies with
m3 for different modes is plotted in the cases of the P-, D-and
F-wave states. At the same time, the relative energies of the
1,1 1S(%+) and (2, 2)1S(%+) states with respect to the pure
S-wave state (0, 0)1S (%Jr) are also given for comparison, as
shown in Fig. 4.

In the 37 sector, the energies of the (1, 1)1 S(%+) and

2,2)18( % +) states are obviously higher than that of the pure
S-wave state. For the P-, D- and F-wave states, the excita-
tion energies of most modes are quickly suppressed as m3
increases, except for the p-mode. And the A-mode is indeed
the one with the lowest excitation energy.

Itis reasonable to believe that the excitation mode with the
lowest energy is most stable and has the greatest probability
of being observed experimentally. Then, all excitation modes
with higher energies can be approximately ignored. Thus, the
‘true’ ground state comes from the pure S-wave state, and
the ‘real’ orbital excited state originates from the A-mode,
which is dominated by the heavy quark(s). This is the HQD
approximation as mentioned before in this paper.

The situation of the 6 sector is similar to that of the 3
sector that the A-mode is dominant. But the phenomenon is
not so obvious when m3 ~ 1.6 GeV for the P-wave states,
where the excitation energy of the (0, 1)1 P (%+) 1 stateis only

slightly lower than that of the (1,0)1P (4 ), state. It implies
that ¢ quark (m, = 1.628 GeV) is not heavy enough and
hardly treated as a heavy quark, which was also pointed out
in some theoretical works [32]. Even so, the HQD approxi-
mation is still applicable to the 6 sector.

3.2 Predicted excited states with HQD approximation

With the HQD approximation, the excited spectra of singly
heavy baryons were systemically investigated with a unified
set of parameters [22,23]. The results show that the predicted
masses reproduce the experimental data well. As shown in
Table 4, for the well established baryons in experiment [33,
34], the calculated masses are very close to the data, apart
from A.(2940)% [22,35]. The maximum difference of the
mass values between theory and experiment is generally no
more than 20 MeV.
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Fig. 4 Theevolution of excitation energies with m3 for different modes
of singly heavy baryons. Here only the modes with J = L + % are
selected. m3 changes from 0.2 to 5.0 GeV. The excitation energies are

For the observed baryons whose J % values are not yet
confirmed [33,36-40], the calculated results are also helpful
for their rational assignments. As shown in Table 5, these
baryons have been divided into several groups. In particular,
some members in the same family were grouped together
and labeled with 1P (6 ). With the help of the mass spectra,
one can see them more clearly. As shown in Fig. 5, for 3.,
E’c(b) and Q. (), there are five excited states for the 1 P-wave,
and their energies are almost degenerate. The five states are
1P(37)2, 1P(3 )1, 1P(3 )o, 1P(3 )1 and 1P(3 ), and
increase in energy. Some baryons of these 1P states have
been observed as shown in Table 5 and Fig. 5. However,
because their energies are so close to each other, the identi-
fication of these baryons becomes very difficult. So they can
only be labeled with 1P (6F), as shown in Table 5.

It is worth noting that the predicted spectra were obtained
in 2022. After that, four baryons 2.(3185)°, ©.(3327)° [39],

measured from the pure S-wave states 1.5( % +)0 forthe 37 and 1 S( % +) 1
for the 6, respectively. And m| = mp = 0.22 GeV is used

E,(6095)° and Z,(6087)° [40] were observed by the
LHCb collaboration. As expected, ©2.(3185)°, E;,(6095)°
and E5,(6087)° can be directly assigned to suitable states
in Table 5. And . (3327)0 [39], for the same reason men-
tioned above, should be labeled with 1D (6x), where a total
of six quasi-degenerate states are overlapped together (for
details, see [22]). In general, almost all baryons can be
in good agreement with the predicted states. The excep-
tion is that A.(2940)" [22,35], E.(3123)" [23,38] and
Q.(3120)" [22,33] can not be assigned reasonably into the
spectra of Fig. 5, which needs further research and confirma-
tion in theory and experiment.

Figure 5 shows the predicted spectra agree well with the
experimental data. And the ‘missing resonance’ problem
does not seem to exist here. It makes one more confident that
the HQD mechanism is reasonable and the HQD approxima-
tion is feasible. In addition, Fig. 5 shows an obvious shell

@ Springer
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Fig. 5 Calculated spectra of singly heavy baryons and the relevant

>

experimental data. ‘++°,+’, ‘0’ and ‘—’ in the brackets indicate the
charge states of baryons. The solid black circles denote the baryons in
Table 1, and the open circles are the ones in Table 2. The three bigger

structure of the spectrum. It implies that L might be approxi-
mated as a good quantum number. If this is true, the y transi-
tions would occur between the neighbouring orbits. This fea-
ture has been partially observed in experiment. For example,
E.(2815)0 — Egy is the y transition between the lP(%_)
and 1S (%Jr) states [33]. Actually, the statement of ‘L-wave’
has been adopted in many works such as Refs. [41-57]. In
this work, it is further identified.

4 HQD mechanism in doubly heavy baryons

The doubly heavy baryons E..(Qcc), Epp(2pp) and E;_]C (2,.)
belong to the 6 sector, and Ep. (25 ) belongs to the 3 sec-

@ Springer

red circles represent A.(2940)", E.(3123)*, and 2.(3120)7, respec-
tively, which can not be assigned very well. More excited states can be
found in Refs. [22,23]

tor, as mentioned in Sect. 2.1. To examine the HQD mecha-
nism in the 6 sector, we set mp = m| and change m| from
0.3 to 5.1 GeV. For the 3F sector, m» is set to be "Z—; X mi,
which stands for Ep. (or 25.) baryon when m| approaches
to 5.0 GeV (see the caption in Fig. 6).

As shown in Fig. 6, the orbital excitation of doubly heavy
baryons presents the same feature as that of singly heavy
baryons. In this case, nevertheless, the mode with the low-
est energy is the p-mode and the lowest orbital excitation
energy is still dominated by the heavy quarks. Hence, the
HQD mechanism remains valid and the HQD approximation
is feasible for doubly heavy baryons.

Based on the HQD approximation, the spectra of doubly
heavy baryons were investigated in the p-mode [24-26]. The
predicted ground state mass of E.. is 3640 MeV, which is
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Fig. 6 Evolution of excitation energies with m for different modes
of doubly heavy baryons, where m| changes from 0.3 to 5.1 GeV. The
value of m3 is equal to 0.22 GeV. m is set as mo = m for the 6 sector.

very close to the experimental data 3621.6 + 0.4 MeV [33].
The spectrum also presents an obvious shell structure as
shown in Fig. 7. It is expected that more doubly heavy
baryons will be observed and can be used to further test the
HQD approximation.

In addition, some works have noticed the excitation of the
heavy quark pair is important and can not be ignored [16,
18]. In those works, the spectra of the doubly heavy baryons
therefore contain the excitation of the heavy quark pair. And
the heavy quark pair was not treated as a point-like diquark,
which was used in some other works [58—60]. Unlike both of
them, the HQD approximation freezes the orbital excitation
of the A-mode and only considers the p-mode, which predicts
fewer excited states than the former [16, 18], and lowers the
excited energy levels than the latter [S8—60].

For the 3 sector, m5 is set as my = % x m1, which corresponds to

Epe or Qpe when m = 4.977 GeV

5 Signature of HQD mechanism in strong decay

If the HQD mechanism is reasonable, an interesting phe-
nomenon would occur in the strong decay. The calculation
shows that for a singly heavy baryon, the root-mean-square
value of r; increases with the orbital excitation [22,23]. It
means the heavy quark is further away from the light quark
pair, as the orbital quantum number increases. For a high-
orbital excited state, when the strong decay occurs, the heavy
quark is therefore likely to capture the light antiquark which
comes from the creation of a quark-antiquark pair in the vac-
uum, according to the 3 Py model [61,62]. So, the heavy-light
meson is more likely to be produced.

From the Particle Data Group (PDG) [33], one can see
the D°p decay mode occurs in A.(2860)T and A.(2880),
which are identified as the D-wave states in theory [9,22,63].

@ Springer
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Fig. 7 Same as Fig. 5, but for doubly heavy baryons. The solid black circle denotes the observed baryon E}". More excited states can be found

in Refs. [24-26]

Similarly, the AD™ decay modes are also observed experi-
mentally for E,(3055)™ and E.(3080). So, they are assigned
to the 1D(%Jr %Jr) doublet states of the 35 sector in Table 5.
For AZF, the ground state of the A, family, the exotic mode
of py D has been observed in experiment. But its branching
ratio is very small. Additionally, the p D° mode is observed
in the strong decay of A.(2940)™", which means it should be
a high-orbital excited state.

In Table 5 and Fig. 5, 8,(6327)° and E,(6333) is
identified as the D-wave doublet states in this work. In
their observed strong decay modes, however, the heavy-light
meson is absent [33]. From Ref. [23], we find their (r7)!/2
values are 0.743 fm and 0.751 fm, respectively, which are
smaller than those (0.825 fm and 0.843 fm) of the D-wave
states E.(3055)" and E.(3080). It implies the heavy-light
meson is more difficult to be produced in the strong decay of
the bottom baryons, as compared to the charmed baryons.

So far, the two-body strong decay mode containing a
heavy-light meson is mainly observed in the high-orbital
excited states of the charmed baryons. The same phe-

@ Springer

nomenon is expected to occur in doubly heavy baryons,
which might be helpful in searching for the doubly heavy
baryons with the high-orbital excitation in experiments.

6 Conclusions

The singly and doubly heavy baryons are special, due to
the large mass values of charm and bottom quarks. Since
these heavy quarks are much more massive than the light
quarks, they break the mass symmetry. So, the SU (3) r flavor
symmetry valid for light-quark baryons are not well applied
here. On the other hand, the heavy quark limit is not fully
applicable here either, because the masses of the heavy quarks
are much less than infinity. Inspired by the progress of the
heavy baryon spectroscopy in recent decades, we speculate
a mechanism of the heavy quark dominance (HQD) in the
orbital excitation of singly and doubly heavy baryons.

By analyzing the Hamiltonian of the relativistic quark
model for a three-quark system, we tried to understand the
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HQD mechanism. It is shown that the excitation mode with
lower energy levels is always associated with the heavy
quark(s), and the splitting of the energy levels is suppressed
by the heavy quark(s) as well. In other words, the heavy
quarks dominate the orbital excitation of singly and doubly
heavy baryons. In a semi-classical way, we show that the
rotational kinetic energy generated by the orbital excitation
is positively related to the excitation energy of the mode.
And the smaller rotational kinetic energy is determined by
the heavy quark(s). So, the heavy quarks eventually domi-
nate the lower orbital excitation for singly and doubly heavy
baryons. Thus, we get a physical understanding of this mech-
anism.

The HQD mechanism is then tested by comparing various
orbital excitation modes for singly heavy baryons. It is shown
that the excitation mode dominated by the heavy quark(s) has
lower energy levels, therefore, it is most stable and has the
greatest probability of being observed experimentally, which
justifies the HQD approximation. With the HQD approxima-
tion, the predicted excited spectra of singly heavy baryons
can reproduce the available experimental data nicely. Addi-
tionally, the shell structure of the mass spectra implies L can
be regarded as a good quantum number approximately, which
is supported by the y transition in experiment. Thus, the
HQD mechanism is proved to be reasonable in singly heavy
baryons. For doubly heavy baryons, their orbital excitations
are also dominated by the heavy quarks. The corresponding
mass spectra with the HQD approximation are expected to be
tested in future experiments. The HQD mechanism also pre-
dicts an interesting phenomenon that the heavy-light meson
is more likely to be produced in the strong decay of the high-
orbital excited states for singly and doubly heavy baryons.
This kind of strong decay mode may be the signature of the
HQD mechanism as well.

The HQD mechanism is rooted in the breakdown of the
mass symmetry in a multi-quark system. Therefore, it should
be valid not only for singly and doubly baryons, but also for
the multi-quark systems containing one or two heavy quarks,
such as the tetraquarks Qgqq and Q Qqq, or the pentaquarks

0qqqq and Q0qqq.
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Table 1 Contribution of each term to the eigenvalues of H for the states of the (0, 0), (0, 1); and (1, 0); modes of the 3 sector (all quantities
are in MeV)

(o, LOnLITY; Hy () G2 (A) Gi3es) (A) Y. Gij (A) Si2 (D) S1323) (A) X 8ij (A) Hyoae (A) HWP (A) H (A)  H (A)

Type I (m; = my = m3 = 220 MeV)
(0, O)lS({L)o 737(0) —45(0) —48(0) —141(0) 245(0) 152 (0) 549 (0) 11450) —168(0) 0(0) 978 (0)
(0, l)lP(%f)] 762 (25) —45(0) —31(17) —107 (34) 299 (54) 305 (153) 909 (360) 1564 (419) —168 (0) —53 (—53) 1364 (386)
(0, 1)1P(%_)1 762 (25) —45(0) —31(17) —107(34) 299 (54) 305 (153) 909 (360) 1564 (419) — 141 (27) 24 (24) 1435 (457)
(1, O)IP(%_)I 770 (33) —31(14) —38(10) —108 (33) 499 (254) 205 (53) 909 (360) 1571 (426) — 148 (20) —52 (—52) 1395 (417)
(1, O)IP(%7)1 770 (33) —31(14) —38(10) —108 (33) 499 (254) 205 (53) 909 (360) 1571 (426) 58 (226) —47 (—47) 1607 (629)
Type II (m1 = my = 220 MeV and m3 = 4977 MeV)

(0, 0)1S(%+)0 5473 (0) —45(0) —48(0) —141(0) 239(0) 112(0) 463 (0) 5795(0) —173(0) 0(0) 5622 (0)
(0, l)lP(%_)l 5482 (9) —45(0) —28(20) —102(39) 290 (51) 201(89) 692 (229) 6072 (277) —167(6) —7(=7) 5898 (276)
(0, 1)1P(%_)1 5482 (9) —45(0) —28(20) —102(39) 290(51) 201(89) 692 (229) 6072 (277) —162(11) 4 (4) 5913 (291)

1, O)IP(%7)1 5505 (32) —31(14) —36(12) —103 (38) 491 (252) 157 (45) 806 (343) 6208 (413) — 14 (159) —50 (—50) 6170 (548)
(1, 0)1P(%7)| 5505 (32) —31(14) —36(12) —103 (38) 491 (252) 157 (45) 806 (343) 6208 (413) 10 (183) —49(—49) 6194 (572)
Type III (m; = 4977 MeV, my = 1628 MeV and m3 = 220 MeV)

(0, 0)1S(%+)0 6853 (0) —88(0) —55(0) —199 (0) 66 (0) 124 (0) 313(0) 6967 (0) —12(0) 0(0) 6955 (0)

0, )1 P(%_)l 6870 (17) —88(0) —27(28) —143(56) 74 (8) 261 (137) 596 (283) 7323 (356) — 13 (—1) —26 (—26) 7304 (349)
(0, 1)1P(%7)1 6870 (17) —88(0) —27(28) —143(56) 74 (8) 261 (137) 596 (283) 7323 (356) —9 (3) 13 (13) 7317 (362)
(1, 0)1P(%7)1 6856 (3) —33(55) —43(12) —120(79) 192 (126) 156 (32) 504 (191) 7240 (273) —16(—4) =7 (=7) 7220 (265)
(1, O)lP(%_)l 6856 (3) —33(55) —43(12) —120(79) 192 (126) 156 (32) 504 (191) 7240 (273) 8 (20) —7(=T7) 7243 (288)

Table 2 Contribution of each term to the eigenvalues of H for the states of the (0, 0)o, (0, 1); and (1, 0); modes of the 6 sector (all quantities
are in MeV)

(o, LOnL(IT); Ho (A) G2 (A) Gi3ez) (A) X Gij (A) S12 (A)  Si323) (A) X Sij (A) Huoae (A) HPP (A)  H° (A)  H (A)

Type I (m; = my = m3 = 220 MeV)

0,01S(AT); 737(0) —45(0) —48(0) —141(0) 245(0) 152(0) 549(0) 1145(0) —131(0) 0(0) 1015 (0)
001531 737(0) —45(0) —48(0) —141(0) 245(0) 152(0) 549(0) 1145(0) 110(241) 0(0) 1256 (241)
O, DIP(A7)1 762(25) —45(0) —31(17) —107 (34) 299 (54) 305 (153) 909 (360) 1564 (419)21(152)  —25(—25) 1571 (556)

(0, 1)1P(%_)1 762 (25) —45(0) —31(17) —107 (34) 299 (54) 305 (153) 909 (360) 1564 (419) 45 (176) 12 (12) 1615 (600)

(1, O)IP(%7)1 770 (33) —31(14) —38(10) —108 (33) 499 (254) 205 (53) 909 (360) 1571 (426) — 167 (—36) ~0 (0) 1404 (389)

(1, 0)1P(%7)] 770 (33) —31(14) =38 (10) —108 (33) 499 (254) 205 (53) 909 (360) 1571 (426) 45 (176) ~0 (0) 1615 (600)
Type Il (m1 = my = 220 MeV and m3 = 4977 MeV)

©,01S(A™); 5473(0) —45(0) —48(0) —141(0) 239(0) 112(0) 463 (0) 5795(0) 24 (0) 0 (0) 5820 (0)

0,001SGT)) 5473(0) —45(0) —48(0) —141(0) 239(0) 112(0) 463(0) 5795(0) 54 (30) 0 (0) 5849 (29)
0, 1)1P(L7); 5482 (9) —45(0) —28(20) —102(39) 290 (51) 201 (89) 692 (229) 6072 (277) 38 (14) —3(=3) 6107 (287)
0, DIP(37)1 5482 (9) —45(0) —28(20) —102(39) 290 (51) 201 (89) 692 (229) 6072 (277) 43 (19) 1(1) 6116 (296)

(1, 0)1P(%_)1 5505 (32) =33 (12) =36 (12) —103 (38) 491 (252) 157 (45) 805 (342) 6207 (412) —31 (—=55) ~0(0) 6178 (358)
(1,0)1 P(%_)l 5505 (32) =33 (12) —36 (12) —103 (38) 491 (252) 157 (45) 805 (342) 6207 (412) —5(—29) ~0(0) 6204 (384)
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Table 2 continued

(o, LOnLITY; Ho (A) G2 (D) Gizaz) (A) Y Gij (A) Si2 (A) S1323) (A) Y. Sij (A) Huoae (A)  H™P (A) H (A) H (A)

Type Il (m; = my = 4977 MeV and m3 = 220 MeV)

0,011 "), 10199 (0) —137(0) =56 (0) —250(0) 18(0) 118(0)  254(0) 10203 (0) —10(0) 0(0) 10192 (0)

©,015G ™)1 10199 (0) —137(0) —=56(0)  —250(0) 18(0) 118(0)  254(0) 10203(0) 9(19)  0(0) 10211 (19)
O, D1P(A7)1 10216 (17) =137 (0) —27(29) —191(59) 21 (3) 259 (141) 539 (285) 10564 (361) ~0 (10) —2 (—2) 10563 (371)
O, D1P(E 7)1 10216 (17) —137 (0) =27 (29)  —191(59) 21 (3) 259 (141) 539 (285) 10564 (361) 3(13)  1(1) 10569 (377)

(1,0)1P(%7)1 10201 (2) —53(84) —50 (6) —152(98) 115(97) 138 (20) 391 (137) 10440 (237) —12(=2) ~0(0) 10428 (236)
1, 0)1P(%7)] 10201 (2) —53(84) —50 (6) —152(98) 115(97) 138 (20) 391 (137) 10440 (237) 5(15) ~0(0) 10445 (253)
Table 3 Calculated (rg)l/ 2 and (rf)'/ 2 (in fm) for the states of the of the above modes. The data in boldface are used in calculations

(0, 0)p, (0, 1); and (1,0); modes. And comparison of the rotational (mg = 4977 MeV and my = 220 MeV)
kinetic energy (E,x.) and the excitation energy (A H,,pq4.) (in MeV)

the 37 sector the 67 sector
Up, LnLI Yy )2 V2 (D) (Eri)  (AHpode) Up, LonL(IP); ()2 (e DV2 (1) (Erx) (AHpode)
Type I (my = my = m3 = 220 MeV) Type I (m = my = m3 = 220 MeV)
00154 0534 0520 - - - ©,01SE") 0609 0471 - - -
- - - - ©,01S3") 0672 0595 - - -
O, DIP(37)1 0566 0717 3my(rZ) ~516 419 O, DIP(37)1 0701 0770 3my(r}) ~447 419
O, DIPG )1 0587 0798  2mg(r}) ~414 419 O, DIP(37)1 0718 0823  3Zmy(r2) ~390 419
(LOIP(5 )1 0.827 0500 Smy(r2) ~516 426 (1LO)IP(3 )1 0842 0503  1my(r2) ~498 426
(LOIPG3 )1 0.900 0628  Im,(r2) ~436 426 (LOIPG ) 0920 0633 Smy(r2) ~417 426
Type IT (m = my = 220 MeV, m3 = 4977 MeV) Type Il (m| = my = 220 MeV, m3 = 4977 MeV)
0,015y 0519 0407 - - - 0,015 0633 0430 - - -
- - - - - - 0,01S3") 0644 0451 - - -
(O, DIP($7)1 0534 0577  2mg(r}) ~265 277 O, DIP(37)1 0666 0621 2m,(r}) ~229 277
(0, DIP(G ) 0539 0590  2m,(r7) ~253 277 (0, DIPG 7)) 0670  0.630  2my(r7) ~222 277
(1LO)IP(37)1 0.852 0440 LImg(r2) ~486 413 (LOIP(37)1 0869 0444 Img(r2) ~467 412
(1LOIP(37)1 0.865 0462 Ltmg(r2) ~472 413 (LOIP(37)1 0883 0466  my(r2) ~452 412
Type LIl (m; = 4977 MeV, my = 1628 MeV, m3 = 220 MeV) Type Il (m| = my = 4977 MeV, m3 = 220 MeV)
0,015 0370 0479 - - - 0,015 0297 0470 - - -
- - - - - - 00153 0299 0483 - - -
O, DIP(37)1 0391 0654 my(r}) ~412 356 O, DIP(37)1 0313 0.666 m,(r}) ~398 361
O, DIPG 7)1 0395 069 my(r}) ~364 356 O, DIPG7) 0314 0688 m,(r}) ~373 361
(LOIP(5 )1 0562 0503  jmg(r2) ~99 273 (LOIP(5 )1 0456 0496  Lmg(r2) ~75 237
(LOIP(3 7)1 0566 0522  mg(r2) ~97 273 (LOIPG3 ) 0459 0508 Lmg(r2) ~74 237
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Table 4 Contrast of the calculated results [22,23] and data for the well established singly heavy baryons [33,34]

Baryon Mexp. JP Mear. nL(JP) Baryon Mexp. JP M q. nL(J?)
AF 228646 +0.14 1T 2088 154 E.(2970)" 29643+ 15 1T 2049 25(4H3p)
Ae(2765)F 2766673 e 28 2.(2970)°  2967.1 + 1.7 1T 2049 28(1H3p)
Ac(2595)F 259225 4+ 0.28 1 2596 1P(37) Q0 26952 4+ 1.7 %* 2699 15(%*)
Ac(2625)T 2628.11 & 0.19 3" 2631 1P(37) Q.(2770)° 2765.9 + 0.28 %* 2762 15(%*)
Ac2860)T  2856.1123 3T 275 1p3h AY 5619.60 +0.17 17 5622 1s(AT)
Ac(2880)" 2881.63+024 37 2891 1p@3") Ap(5912)° 5912194017 17 5898  1P(3)
T(24557F 2453974014 1T 2457 1sdh) Ap(5920)° 592009 +0.17 37 5913 1P(37)
¥, (2455)F 2452651022 451 1sdh Ap(6070)F  6072.3 £2.9 T e0a1 254
¥,(2455)0 245375+014 1T s 1sdh) Ap(6146)° 61462+ 0.4 I 6137 1p3dh
$.(25200TF  2518.411022 T s 1s@h Ap(6152)°  6152.5 + 0.4 3" 6145 1DEY
(252000 2517.4107 T s 1s@h = 5810.56 +0.25 1T 580 1s(AT)
%.(2520)° 251848 +020 3T 2532 153 bk 581564 +027 1T 580 1s(AT)
o5 2467.7140.23 Y419 1sdHGH 5830.32+027 3T 5849 1537
£ 247044 +028 1T 2479 1sdDH3Ep 3 583474 +030 3T 5849 153T)
B 25782 £ 0.5 T 2590 s e g, 5797.0 £ 0.6 T 5806 1S3 H3R)
0 2578.7 0.5 Y2590 1sd e 2 5791.9+£0.5 T 5806 1A N3k
E.(2645)+ 2645.1 £0.3 3T 2658 1SGAN)6r) Ep(5935)7 5935024005 1T 5043 15 T)6p)
B, (2645)0 264616 £025 37 2658 1SGT)(6r)  Ep(5945° 59523 +0.6 3T 5971 15G)(6r)
2c(2790)* 2791.9 +£0.5 17 2789 1PAT@Br)  Bp(5955) 5955.33+0.13 3T 5971 1SGT)(6p)
2c(2790)° 2793.9 +£0.5 172189 1P(3)HBF) Ep(6100)7  6100.3 £ 0.6 376097 1P3H3R)
E.(2815)* 2816514025 37 2819 1PGH@Er) @ 60452 £ 1.2 T e0s3 1
E.(2815)° 2819.79£030 37 2819 IPGHBr)  Ac(2940)F 2939.613 M @)
Table 5 The observed baryons with unconfirmed J© and the corresponding calculated results
Baryon Moxp. Mo (22,231 nL(JP) Baryon Miyp. Mea (22,231 nL(JP)
¥.(2800)T [33]  28017¢ 1P(6F) ,(6097)* [33]  6095.8 + 1.7 1P(65)
(28000 [33] 2792114 1P(6F) ,(6097)7 [33]  6098.0 + 1.8 1P (6F)
2:(2800)° [33] 280615 1P(6F) 8,(6227)7 [33]  6227.9£0.9 1P(6F)
E,(6227)° [33]  6226.8 & 1.6 1P(6F)
E.(3055)* [33]  3055.9 + 0.4 3063 IDGT3r)  Ep6327)°[33]  6327.28+035 6320 103 3r)
E.(3080)* [33] 30772+ 0.4 3076 IDET3r)  E5(6333)°[33]  6332.69+0.28 6327 1IDGS)3r)
E.(3080)° [33]  3079.9+ 1.4 3076 1IDGE)3r)
©:(3000) [33] 3000.41 £ 0.22 1P(6F) Q,(6316)" [33]  6315.6 £ 0.6 1P(6F)
Q:(3050)* [33]  3050.19 £ 0.13 1P(6F) Q,(6330) [33]  6330.3£06 1P(6F)
Q:(3065)° [33]  3065.54 £ 0.26 1P (65) Q5,(6340)" [33]  6339.7£0.6 1P (65)
2:3090)° [33]  3090.1 £ 0.5 1P(6F) Q,(6350) [33]  6349.8 £ 0.6 1P(6F)
E.(2923)° [36]  2923.04 + 0.59 1P(6F) Q:3185)°[39]  3185.1 £ 1.7 3197 2537 (6r)
229390 [36]  2938.55 + 0.52 1P(6F) Q:3327)° [39]  3327.1+£12 1D(65)
E.(2964)0 [36] 2964.88 & 0.54 1P(6F) Ep(6095)0 [40]  6095.36 + 0.68 6097 1P(37)3p)
E.(2930)* [37] 29423 £5.9 1P(6F) E5(6087)° [40]  6087.24 £0.76 6084 1PA7H3Er)
E.(3123)* [38] 31229+ 1.3 ) %) Q312007 [33]  3119.1 £ 1.0 ) )
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