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Abstract The purpose of the present study was to explore
the possibility of accommodating the ¢*(2380) and its flavor
SU(3) partners in a diquark model. Proposing that d*(2380)
is composed of three vector diquarks, its mass is calculated
by use of an effective Hamiltonian approach and its decay
width is estimated by considering the effects of quark tun-
neling from one diquark to the others and the decays of the
subsequent two-baryon bound state. Both the obtained mass
and decay width of d*(2380) are in agreement with the exper-
imental data, with the unexpected narrow decay width being
naturally explained by the large tunneling suppression of a
quark between a pair of diquarks. The masses and decay
widths of the flavor SU(3) partners of d*(2380) are also pred-
icated within the same diquark scenario.

1 Introduction

In recent years, the WASA-at-COSY Collaboration has
reported the d*(2380) resonance with quantum numbers
I(JP) = 0(3"), mass M ~ 2380 MeV and width I' ~ 70
MeV in double pionic fusion reactions pn — dnono,
pn — dmw ™, and in other two pion production reactions
e.g. pn — pna'n° pn — ppr~n°, pd — 3He 77",
pd — 3Hentn~,dd — *He 770 and dd — *Hentn~
[1-7] (See Ref. [8] for an experimental review). In a partial
wave analysis of the np scattering performed by the WASA-
at-COSY Collaboration and the SAID Data Analysis Group,
a resonance pole at (2380 £ 10) — i(40 £ 5) MeV in the
3D; —3Gs coupled-channel waves has also been obtained
after incorporating the newly observed analyzing power data
of the polarized 7 p scattering [9].

Theoretically, the d*(2380) has so far attracted a lot of
interests in hadron physics community [10-21], with one
of the main reasons being that it has an unexpected narrow
decay width. As it is known, the d*(2380) is about 84 MeV
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below the AA threshold, but it is still much higher than the
thresholds of the ANw, NNmwr and NN channels. Naively
a rather wide decay width is expected since d*(2380) can
decay to those channels via strong interactions. However,
the experimentally observed value is only about 70 MeV,
which is even smaller than 1/3 of the width of two A’s. Such
an unusual narrow decay width implies that the d*(2380)
may have an unconventional structure involving new physical
mechanisms.

In Refs. [14,15], the d*(2380) is suggested to be a hex-
aquark dominated exotic state, as it has about 2/3 hidden-
color (CC) components in its configurations. Since the
hidden-color configuration cannot decay directly into col-
orless hadrons at the lowest order, this picture automatically
results in narrow decay width of d*(2380) [17-19], a feature
consistent with the experimental observation. Nevertheless,
due cautions may still need to be taken in connection with the
explanation of configuration structure of the bound AA-CC
system. As pointed out in Ref. [22], the stability condition of
a single baryon should always be satisfied in order to make
meaningful discussions of the structure of a bound baryon-
baryon system in quark model calculations.

The purpose of the present study was to explore the pos-
sibility of accommodating the d*(2380) and its flavor SU(3)
partners in a diquark model. The diquark model was first
proposed by Gell-Mann in Ref. [23], and has then been
widely used to describe the structures of baryons and multi-
quark states in subsequent decades [24]. In particular, many
recently observed XY Z states have been proposed as multi-
quark states composed of diquark and anti-diquark [25,26].
The most attractive feature of accommodating d*(2380) in
a diquark model is that such a picture, if it works, will nat-
urally produce a narrow decay width, a so far unintelligible
feature awaiting reasonable theoretical explanations, since in
a diquark model the decay of d*(2380) occurs in such a way
that firstly the quarks tunnel from a diquark to the other two
diquarks to form a A A bound state and then the subsequent
bound AA decays, while the tunneling process highly sup-
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presses the production probability and thus largely reduces
the decay width.

It is known that at small interquark separations, the force
between two quarks arising from QCD is attractive in a color-
antitriplet state, while it is repulsive in a color-sextet state.
We thus confine ourselves to color-antitriplet diquarks only.
We construct the diquarks so that the two quarks in each
diquark are antisymmetric while any pair of diquarks are
symmetric due to the Pauli principle. For d*(2380), since its
quantum numbers are I (J Py =0(31), we propose that it is
composed of three vector diquarks. Each diquark belongs to
a color antitriplet and has spin 1 and isospin 1. Two of the
diquarks couple to form a color-triplet state with spin 2 and
isospin 1, which, in turn couples to the third diquark to form
a color-singlet state with spin 3 and isospin 0. The mass of
d*(2380) is then calculated by use of an effective Hamilto-
nian approach motivated by QCD, with the model parameters
fixed by known properties of heavy mesons and baryons. The
decay width is roughly estimated by considering the process
that a quark tunnels from one diquark to another to form a
bound A A state and then the subsequent bound A A decays.
It is found that both our obtained mass and decay width of
d*(2380) are in agreement with the experimental data. Pre-
dictions are then made for the masses and decay widths of the
flavor SU(3) partners of d*(2380) within the same diquark
scenario.

The paper is organized as follows. In Sect. 2, the effective
Hamiltonian of the employed diquark model is introduced
and the masses of d*(2380) and its flavor SU(3) partners are
calculated. In Sect. 3, the widths of d*(2380) and its flavor
SU(3) partners are estimated. Finally, a summary is given in
Sect. 4.

2 The masses of d*(2380) and its flavor SU(3) partners
2.1 The wave functions

Due to the Pauli principle, two quarks in an orbital S-
wave can stay in the following four possible configurations:
(0,67,6¢), (1,37.6c), (0.37,3.), and (1,6y,3.). Here
in each parenthesis, the first number denotes the spin of
two quarks, the second and third symbols depict the irre-
ducible representations of two-quark states in flavor and color
spaces, respectively. The possible two-quark configurations
and the corresponding Young diagrams in spin, flavor and
color spaces are listed in Table 1.

It is known that at small interquark separations, only in
a color-antitriplet state the force between two quarks aris-
ing from QCD is attractive [27]. And moreover, the spin of
d*(2380) is 3, which requires that the constituent diquark
should have spin 1. Therefore, we confine ourselves to the
diquarks with configurations (1, 6 7, 3.). The Pauli principle
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Table 1 Possible two-quark configurations

Spin Flavor Color
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[T H
and the quantum numbers of d*(2380) require that any such
two diquarks should couple to form a color 3., spin 2 (or
5;) and flavor 15 state, and finally, this two-diquark state
couples to the third diquark to form a color singlet, spin 3
and flavor 10  sate. The wave function of three-diquark con-

figurations in color, spin and flavor spaces are illustrated as
follows:
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The weight diagram of 1_0f of the flavor SU(3) group is
plotted in Fig. 1, with the componential diquarks of each
isospin multiplets are labeled at the left-hand side of this
figure. There, g represents u# or d quark and s the strange
quark. The curly brackets indicate that the two quarks are
symmetric in flavor space. For conciseness of the following
parts of this paper, we have introduced the symbols d, dj,
and d3; as the names of d*(2380)’s partners with 1, 2 and 3
strange quarks, respectively, which have been marked on the
right-hand side of Fig. 1.

The total wave functions of d*(2380) and its flavor SU(3)
partners can be expressed explicitly as

Uy =8 ({‘1142}1,ic {Q3q4}1’3“)2,3c {9546}1,30}30 , (D

L Ve
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{ag{aq}{qq} d
{aq}{aq}{as} d.
{aaXas}as} a
{qq}as){ss} ds.

Fig. 1 Weight diagram of 1_0f of the flavor SU(3) group. The com-
ponential diquarks of each isospin multiplets are labeled at the left-
hand side. The symbols d;, d3; and d3; are introduced as the names of
d*(2380)’s partners with 1, 2, and 3 strange quarks, respectively, which
have been marked at the right-hand side

oy = S[({qIQZ}l,QC {6135}1,5»)2,3( {SS}I’gfiL ’ “

Ve

where the first and second subscripts of each diquark indicate
the spin and irreducible representation of color, respectively.
The symbol S is the symmetrizer for three diquarks. Note
that by construction, the diquarks are already symmetric in
spin space and antisymmetric in color space, and therefore
they should be antisymmetric in flavor space.

2.2 The mass formulas

In literature, the phenomenological Hamiltonian of a diquark
model is usually parametrized as a sum of the diquark masses
and an effective potential, with the potential being composed
of spin-spin interaction in heavy quark systems [27,28] and
color-electric and color-spin terms, inspired by one-gluon
exchange potential and instanton-induced interaction, in light
quark systems [29]. Following these references, we express
the Hamiltonian employed in the present work as

HZZMHHZ[%' (Ri -2 -sj)+7mfn. (i 'M‘)]v
n L

i>]

(&)

where the coefficient «;; and the masses m; and m ; depend
on the flavor of the constituents i and j, the coefficient § is
flavor independent, and M,, is the effective mass of the n-th
constituent which includes also those effects not accounted
for by the above-mentioned interactions.

By use of the wave functions givenin Egs. (1)—(4), one gets
the following matrix elements for d*(2380) and its partners,

5\ _ ) —8/3, (i, j in the same diquark)
i dj) = {—2/3, (others) , ©
1
(xi.xjsi.sj)zz(xi.xj). (7

The masses of d*(2380) and its partners can then be
expressed as:

328

Mg+ =3Myq — 8ayq — — (8)
my
16 8 644
My =2Mgq + Mys — 3 %a ~ 3%s — %
328
— ) ©)
3mgms
14 1
My, =Mgq +2Mgs — 3atqq — 3 %as T 3%s
12 56 4
_ _f _ 68 _ﬂ2 (10)
mg  3mgmg  3mg
Mg =Mgq + Mgs + Mgy — 204q — dotgs — 200
88 168 8B
- (11
mg o mgms - mg

Following Jaffe [30], the diquark mass Mj; is related to M,
and My, by

M, = 2qu - qu- (12)

The diquark masses M, , My, and the coefficients oy, gy,
o5, B are model parameters to be fixed in the next subsection.

2.3 The model parameters

Following Jaffe [30], the masses of the heavy baryons A,
Ec, QY X, B/, £} and E} which are attributed to diquark-
quark configurations, and the masses of the heavy mesons
Dy and D} which are treated as quark-antiquark configura-
tions, are used to fix the parameters of the diquark masses and
the coefficients required in Egs. (8)—(11). Specifically, pre-
suming that A, ¥, and ¥} are composed of ([qq]c)J=1/2,
({qc[}c)le/2 and ({qq}c)’=3/2, respectively, with [ ] rep-
resenting antisymmetric and { } symmetric in flavor space
for two quarks in a diquark, the following expressions for
the coefficients «,,, B and the diquark mass My, can be
obtained after applying the Hamiltonian of Eq. (5) to the
heavy baryons A, X, X} and to the heavy mesons Dy, D}:

my, +2mysx — 3mp,
Qgq = — 16( s (13)

(4m‘Y +4me —mp, — SmD;f) , (14)
168

3m§mc

N 3mgm,
128

Myy =mp, —me+ (mc + 2mq) —dayy. (15)

Similarly, supposing that E., E, and E} are composed of
(Lgs1e)’="2, ({gs}e)’=!/? and ({gs}c)’ =2, respectively,
the following expressions for the coefficient a,y and the
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Table 2 Model parameters. The diquark masses M,,, M4y and the
coefficients agq, ays, a5 are in MeV. The coefficient f is in fm 3

Myq Mys Uqq Ugs Uss B

1032 1103 — 395 —29.1 -33 0.41

diquark mass M, can be obtained after applying the Hamil-
tonian of Eq. (5) to these three heavy baryons:

mg + 2m5§ — 3m3(
16 ’
168
3mgmgme

(16)

Qgs = —

quzmgc—mc—l- (mc—i-ms +mq)_405qs-

a7

Finally, postulating that Q(C) is composed of ({ss}¢)?=3/%, the
following expression of the coefficient oss can be obtained
after applying the Hamiltonian of Eq. (5) to the Qg baryon:

1 168
Ass = _Z Mg +me — 2 (me + 2my) —mqo |,

3mim,
(18)

where My is related to M, and M, by Eq. (12).

In the present work, the masses of u, d, s quarks are taken
to be my ) = 313 MeV and my = 470 MeV, values used
in Ref. [22] which gives a satisfactory description of the
masses of octet and decuplet baryon ground states, the bind-
ing energy of deuteron, and the NN scattering phase shifts
up to a total angular momentum J = 6 in a rather consis-
tent manner. For the mass of ¢ quark, we use m, = 1650
MeV, an averaged value of 1600 — 1700 MeV which is com-
monly used in literature. By implementing the experimental
values of the masses of A., I, X%, E., E., EF, Q0, D
and D; into Egs. (13)—(18), one gets the values of the model
parameters Mg, Mys, agq, Qgs, o5y and B, which are listed
in Table 2. Here we mention that the diquark masses M,
and M, include all the effects that are not considered in
Eq. (5), e.g. the kinematic energies and the confinement et
al. Therefore their values are bigger than the masses of two
constituent quarks, although the interactions between them
are attractive.

2.4 Numerical results

With the values of model parameters listed in Table 2, the
masses of d*(2380) and its flavor SU(3) partners can be
obtained by use of Eqs. (8)—(11). The numerical results are
listed in Table 3. One sees that the mass of d*(2380), 2383
MeV, is very close to the experimental value, 2380 MeV. In
the third column of this table, we list the possible baryon-
baryon channels that d*(2380) and its flavor SU(3) partners

@ Springer

Table 3 Masses of d*(2380) and its flavor SU(3) partners. The masses
M , the corresponding baryon-baryon thresholds My, , and their differ-
ences My, — M are in MeV

M Channel M, Mgy, — M
d* 2383 AA 2464 81
d¥ 2541 AX* 2617 76
dy; 2689 z* 2762 73
3 2797 AQ 2904 107

can transform into when quarks in a diquark tunnel into
another two diquarks. The corresponding mass thresholds
of these baryon-baryon channels are listed in the fourth col-
umn of this table. In the last column, we list the differences
of columns 2 and 4, which are binding energies of the cor-
responding baryon-baryon states formed after the tunneling
processes. One sees that the calculated mass of d* is 81 MeV
lower than the threshold of A A, while the predicated masses
of df, d5; and d3; are 76 MeV, 73 MeV and 107 MeV lower
than the thresholds of AX*, AE* and A, respectively.

3 The decay widths of d*(2380) and its flavor SU(3)
partners

The experimental decay width of d*(2380), I'yx ~ 70 MeV,
is unexpectedly narrow, as A is rather broad (I'n ~ 117
MeV) and the mass of d*(2380) is above the thresholds of
ANm, NN and NN channels even it is about 84 MeV
below the A A threshold. Although such an unexpected nar-
row decay width might be a challenge for hadron physicists
when explain the d*(2380) in a traditional picture like a AA
bound state, in the diquark scenario as proposed in the present
work, this narrow decay width can be straightforwardly inter-
preted, as in this picture the decay occurs in such a way that
the quarks in a diquark tunnel into another two diquarks to
form a bound A A sate and then the subsequent bound AA
decays, while the tunneling process is highly suppressing
against the decay rates.

In the present work we would perform a rough estimate of
the decay widths of d*(2380) and its flavor SU(3) partners
instead of making an accurate calculation.

Using the leading semiclassical approximation, the tun-
neling amplitudes read [31,32]

ﬂ(r) ~ e—r\/ZmAE, (19)

with A E being the depth of the potential barrier that a quark
in a diquark needs to tunnel through, and m being the mass
of tunneling quark. In our case, A E can be approximated by

1
AE~ 3 (Mipe, — M), (20)
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Table 4 Decay widths (in MeV) of d*(2380) and its flavor SU(3) part-
ners at selected values for the distances (in fm) of two diquarks. I'p
is the decay width of a bound B B’ state

Cpp ro

0.9 1.1 1.3 1.5 1.7 1.9

d* 168.2 93.0 81.5 71.4 62.6 54.9 48.1
dy 107.9 60.7 535 47.1 414 36.5 32.1
dy; 88.7 50.2 44.2 39.0 343 30.3 26.7
a3, 66.6 33.7 29.0 24.9 214 18.4 15.8

with M being the mass of a three-diquark state and My, the
mass threshold of the corresponding baryon-baryon state that
a three-diquark state can transform into after the tunneling
process, as listed in Table 3.

From Eq. (19), one gets the tunneling probability
S 1A dr

i

Jo7 A dr

2'\./

— e—r()\/zmAE’ (21)

with 7o being the distance of two diquarks. Then the decay
widths of d* and its flavor SU(3) partners can be approxi-
mated by

D~ Py~ e VM08 (g 4Ty (22)

with I g(p) being the decay width of a bound baryon B(B’).
The width of a bound A can be parametrized as [33]

qulz\/n
—_— , 23
1 qulzvn gNn ( )

A = yNr
with gy being the magnitude of the momentum of & or N
in A rest frame, R = 6.3 (GeV/c)~!, and ynz = 0.76 which
ensures that for a free A the calculated decay width equals
the experimental value. For A’s decuplet partners, ¥* and
E*, we assume that their widths can be parametrized in a
similar way as A, i.e.
R*q3 Rq3

—_— + —= , (24
1+ qujz\n qArx YEn 1+ qu%ﬂ q3x ( )
R%q2

=TT
mf]an, (25)
=TT

Iy = YA

Per = yan

with yaor = 0.24, ys» = 0.09 and yz, = 0.13 which
ensures that for free cases the calculated total or partial decay
withs are exactly the same as the experimental values. Note
that the bound 2 baryon is rather stable as the free 2 has
nearly 0 MeV decay width.

By using Eq. (22) together with Egs. (23)—(25), one gets
the approximated values of the decay widths for d* and its

flavor SU(3) partners as a function of the distance of two
diquarks, and the numerical results are listed in Table 4. One
sees that when the distance of two diquarks ry ~ 1.3 fm, the
estimated width of d*(2380) will be close to its experimental
value. At this distance, the predicated widths of d;, d}; and
d_;)“x are abound 47 MeV, 39 MeV and 25 MeV, respectively. Of
course this is just a very preliminary and rough estimation. A
rigorous calculation is beyond the scope of the present work,
but is planned for the near future.

4 Summary

The unexpected narrow decay width of d*(2380) makes it a
challenge for hadron physicists to interpret this particle with
a conventional picture. The purpose of the present work was
to explore the possibilities to accommodate the d*(2380) and
its flavor SU(3) partners in a diquark scenario.

We propose that d*(2380) and its flavor SU(3) partners are
composed of three vector diquarks, and construct their color,
spin, flavor wave functions and further the total wave func-
tions according to Pauli principle. The masses of d*(2380)
and its flavor SU(3) partners are calculated by use of an effec-
tive Hamiltonian with QCD-inspired interactions. The decay
widths are estimated by a two-step mechanism, i.e. firstly
a quark tunnels from one diquark to another resulting in a
baryon-baryon bound state and then the subsequent bound
baryon-baryon state decays. The former highly suppresses
the decay rates and leads to a natural explanation of the nar-
row width of d*(2380).

Both the calculated mass and the estimated decay width
of d*(2380) are in agreement with the data, not excluding the
possibility of assigning a diquark picture to it. The masses
and widths for d*’s flavor SU(3) partners obtained in a similar
way as d*(2380) serve as preliminary predictions for further
theoretical and experimental investigations.
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