PHYSICAL REVIEW D 104, 034009 (2021)

Novel pentaquark picture for singly heavy baryons from chiral symmetry
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We propose a new type of structure for singly heavy baryons of Qgqgq in addition to the conventional
one of Qgq. Based on chiral symmetry of the light quarks, we show that the Qgggq baryon offers a novel
picture for heavy-quark spin-singlet and flavor-antisymmetric baryons. By making use of the effective
Lagrangian approach, we find that A.(2765) and =.(2967) are mostly Qgqgq, while A.(2286) and
E.(2470) are mostly Qgg. The masses of negative-parity baryons are predicted. We also derive a sum rule
and the extended Goldberger-Treiman relation that the masses of the baryons satisfy. Furthermore, a mass
degeneracy of parity partners of the baryons with the restoration of chiral symmetry is discussed. These are
the unique features that the conventional picture of radial excitation in the quark model does not
accommodate. Our findings provide useful information not only for future experiments but also for future

lattice simulations on diquarks.
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I. INTRODUCTION

Investigation of heavy baryons has been attracting great
attention with the recent development of experimental
observations at, e.g., KEK, LHC, and SLAC. Singly heavy
baryons contain only one heavy quark, the mass of which is
larger than the typical energy scale of quantum chromo-
dynamics (QCD). There the heavy quark behaves not only
as a color source but also as a spectator for the remaining
light quarks governed by nonperturbative QCD [1].
Therefore, singly heavy baryons provide useful testing
ground toward the elucidation of colorful light-quark
dynamics inside hadrons.

In this regard, an understanding of hadrons from chiral
symmetry is important, since it is one of the fundamental
symmetries of QCD. In fact, the dynamics of light
pseudoscalar mesons and nucleons are systematically
formulated by the spontaneous breakdown of chiral sym-
metry. In addition, the expected mass degeneracy of chiral
partners of light hadrons at extreme conditions provides a
key signal of the restoration of chiral symmetry for
experiments and lattice simulations [2,3]. In this paper,
we discuss singly heavy baryons from the chiral symmetry
point of view, which cannot be easily implemented in the
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quark model [4,5]. In particular, we investigate unique
features that are derived from the linear representations of
chiral symmetry.

For baryons of light flavors, the mirror representation
has been proposed for the negative-parity nucleon
N*(1535), referred to as the mirror nucleon. This picture
contrasts with the quark model description of orbital
excitation for N*(1535). In the chiral representation
approach, not only spectroscopies but also the properties
at extreme conditions such as changes in mass and a
degeneracy reflecting the chiral partner structure can be
studied [6-9]. The latter has been strongly suggested by the
lattice simulations [10,11]. The quark content of the mirror
nucleon is understood as an exotic pentaquark state
(99999)

Turning to the heavy hadrons, the linear representations
of chiral symmetry have been studied in various contexts
[12-17]. Recently, E.(2967) was studied experimentally,
and its spin and parity were determined to be J¥ = %J“ [18].
The properties of A.(2765) are similar to E.(2967), so that
the spin and parity of A.(2765) are likely to be J* = 1*
[19]. We can safely assume that both the ground state
A.(2286) [E.(2470)] and the excited state A.(2765)
[E.(2967)] are heavy-quark spin-singlet and flavor-anti-
symmetric, since no spin partner baryons have been
observed [20]—i.e., the total angular momentum of the
light quarks in these heavy baryons is zero: j, = 0. The
recently observed A,(6072) baryon also seems to share
the same properties [21]. Within the conventional quark
model, A.(2765) [E.(2967)] can be understood as a radial
excitation. In this paper, as an analogue of the mirror
nucleon for N*(1535), we propose a new description where
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FIG. 1. A sketch of the conventional picture (left) and the novel
picture proposed in this paper (right) for describing singly heavy
baryons.

these heavy baryons are described by the mirror represen-
tation of chiral symmetry. As anticipated from the previous
paragraph, the mirror representation for heavy baryons is
realized by exotic multiquark contents. Due to the presence
of one heavy quark, this is achieved by the mirror diquark,
which is actually a tetraquark d' ~ gqqg, as displayed in
the right panel in Fig. 1. The significance of the mirror
diquark is implied when we implement the chiral repre-
sentation for diquarks. Introduction of the mirror diquark
enables us to understand A.(2765) [E.(2967)] as well as
A.(2286) [E.(2470)] in a unified way based on chiral
symmetry.

The novel state shown in the right panel of Fig. 1 is
distinct from the hadronic molecule state [22,23], but it
should be regarded as a compact pentaquark state because
d' is a colorful object binding the remaining heavy quark
strongly.

In the quark model [4,5], A.(2765) [E.(2967)] is
considered as an analogous state of the Roper resonance
N(1440) [24], which has been studied as a radial excitation
[25)." In contrast, in our approach, by introducing the
mirror diquark with chiral symmetry, we will find various
unique features that cannot be seen in the quark model.
Namely, A.(2765) [E.(2967)] and A.(2286) [E.(2470)]
are described as superpositions of the three-quark and
pentaquark states. Moreover, general relations that the
masses of the baryons satisfy such as the sum rule and
the extended Goldberger-Treiman relation are derived.
Furthermore, our approach gives a natural explanation
for the strong suppression of the direct decay process of
A,(2765) by the two-pion emission [19]. In addition to
these findings, our present approach can provide useful
information on hadron properties such as a mass

'In the quark model approach, the properties of this Roper-like
baryon A.(2765) [E.(2967)] such as its mass and decay width
can be reproduced by employing the 3P, model [26], or by
including relativistic corrections [27].

degeneracy of the parity partners [28-33] at extreme
conditions—e.g., finite temperature and/or density where
chiral symmetry is (partially) restored.

This paper is organized as follows: In Sec. II, we present
an effective Lagrangian for the heavy baryons formed by
the conventional and mirror diquarks. In Sec. III, we
determine the parameters of our model and show the
resultant mass spectrum of the baryons. In Sec. IV, we
discuss the mass degeneracy of the parity partners with the
restoration of chiral symmetry. In Sec. V, we conclude our
present work.

II. MODEL

The interpolating fields of the conventional and
mirror diquarks contributing to A,(2286) [E.(2470)] and
A.(2765) [E.(2967)] are

(dg)i ~ €ijk€ab‘ (ChTe)?C(CIR)iv

(dL)? ~ €ijk€uhc(‘11?)?c(%)iv

(d)§ ~ €jkz€abc(‘J1Te)zC(fIR)zc[(@L)?(‘JR),]7

(dp)¢ ~ €jk1€abc(q{)ZC(CIL)f[(‘?R)?(‘ZL)?], (1)
where the right- (left-)handed light quark g is defined
by qra) = rsg with g = (u,d,s)”. The subscripts
“i, J,...” and the superscripts “a, b, ...” indicate the chiral

and color indices, respectively. We have introduced scalar
diquarks whose total angular momentum is zero: j; = 0,
here, because A.(2286) [Z.(2470)] and A.(2765)
[E.(2967)] are heavy-quark spin-singlet. Equation (1)
shows that dg, d;, dy, and d} belong to the chiral
representation of

dp~(1,3),
dp ~(3.1),

d; ~(3.1),
dy ~(1,3). (2)

Therefore, singly heavy baryons formed by a heavy quark
Q and a diquark in Eq. (1) transform as

B, — Bngv
B}, — Bl gp. (3)

Bg = BRQ;’

By = Brl.

with gg(1) € SU(3)g(1), Where Bg, By, By, and B} are
given by

Bg;~ Q%(dr)f,

By~ Q“(dp)i,

By~ Q(dL)f,
By~ Q(dy)f, (4)
respectively. The interpolating fields in Eq. (4) imply that

the heavy quark only plays the role of a spectator for light-
quark degrees of freedom.
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Heavy-baryon fields in Eq. (4) allow us to construct an
SU(3), x SU(3), symmetric effective Lagrangian within
the heavy-baryon effective theory (HBET) as

Lot = Z (B;(l'” 0B, —
¥=L.R
— p3(BgB}, + B} Bg + BBy, + ByB)
— 91(B.Z"Bg + BRE'B)
— 92(BRX* By + B1 X" By)
— g3(BRE*Bg + B 2B} + H.c.). (5)

B,B, + B,iv- 9B}, — u,B},B,,)

Here, £ = § + iP consists of scalar (S) and pseudo-scalar
(P) meson nonets and transforms as X — QLZQJ;e- Also, v* is
a velocity of the heavy baryons. In Lagrangian (5), yq, i»,
and p; terms are responsible for the parts of the heavy
baryon mass which are of order Agcp, since a common
mass parameter mp for all the heavy baryons is subtracted
for defining the HBET. The remaining ¢, ¢,, and g; terms
are for the interactions between light quarks and light
mesons. These terms also contribute to the masses of heavy
baryons when chiral symmetry is spontaneously broken.
The terms proportional to us, g;, and g, in Eq. (5) break the
U(1), axial symmetry allowed by the quantum anomaly.
We note that the mass term of BY BY + B\ BY is allowed
in Eq. (5) because the property of the spinor for the baryons
is determined by the heavy quark, which is irrelevant to the
chiral representation of the diquarks. The physical baryons
as parity eigenstates of 4 are given by

1 | ,
7§ E(BL F By), (6)

with B%) <~ —B(L/) under parity transformation [34].
Under the spontaneous breakdown of chiral symmetry, X
acquires its vacuum expectation values (VEVs) as
(X) = diag(o,.0,.0,). When we ignore the u and d quark
masses, o, becomes identical to the pion decay constant.
We will use 6, = 93 MeV as one of the inputs for model
parameters, whereas o, is not determined by the decay
constants due to corrections from the non-negligible s
quark mass mg; ~ 100 MeV. By substituting the parity
eigenstates B, and B’ into the Lagrangian (5), and by
reading off the mass terms together with the VEVs (Z), the
mass eigenvalues of the heavy baryons are obtained as

B, = (B F BL), B, =

1
M(Bil’/lL) = mp + 5 |:m+’,' -+ m'ﬂ-

+ \/(m+,i —ml )+ 4’711,1']7

1
M(BH/-L) = mg + 3 [m_’,- +m;

d e

2 4 42 } (7)

with
my ;= p + 910,
+.i = M2 F 920,
my; = W3z F g30;. (8)
Here, i = 1, 2, 3 stands for the flavor index, where i = 1, 2

—_

corresponds to E.’s while i = 3 corresponds to A_.’s. In
Eq. (7), we have introduced a common heavy mass
parameter mp to define the HBET [1]. The choice of mpg
is arbitrary; thus, we take the average mass of all the heavy
baryons, which will be explicitly given latter. For the
VEVs, we have defined 6, = 6,—, =0, and 0;_3 = 0.
The superscript H (L) represents the higher (lower) mass
eigenstate—i.e., H (L) corresponds to a “+” (“—"") sign in
front of the square root on the right-hand side. In obtaining
Eq. (7), we have defined mass eigenstates by

<Bi’i) B ( cosfp, . sinfp, > < Bi,,-) o)
BY, —sinfpg,, cosfy, J\B./)’

with the mixing angle satisfying tanfpg, = (27, ;)/
(my; —m', ;). Hence, the physical states are superpositions
of three-quark (B ;) and pentaquark (B.;) states as

depicted in Fig. 1. This is the novel picture of singly
heavy baryons proposed in this paper.

III. MASS SPECTRUM

To start with, we explain how the remaining parameters
Ui, Ho, U3, 91> G, g3, and o, are fixed. First, we employ
masses of experimentally observed states of J© = ;*,
A.(2286), A.(2765), E.(2470), and E.(2967) are used

as inputs for [20]

M(B:, ;) =2286MeV, M (B, ,)=2765MeV,
M(B%: . ,)=2470MeV, M(B ,_ ,)=2967MeV.
(10)

Next, we use the masses of the conventional diquarks
which are considered to be decoupled from the mirror ones.
These masses were estimated by the lattice QCD [35] as
M(d,, i-i2)

M(d, i—)

=906 MeV, M(d_ ,_;,)=1142MeV,
=725MeV, M(d_,_;)=1265MeV. (11)

It should be noted that the last one in Eq. (11) is estimated
by a chiral effective theory [34] together with the simu-
lation [35]. Here “+” and “i” stand for the parity and flavor
indices of the diquark, respectively. These diquark masses
are then related to the masses of baryons of three-quark
states B, ; with the pentaquark states switched off:

034009-3



DAIKI SUENAGA and ATSUSHI HOSAKA

PHYS. REV. D 104, 034009 (2021)

TABLE 1. Two parameter sets, (I) and (II). The mass parameter m is fixed to be mp = 2868 MeV for both of the
sets. The asterisk () stands for the inputs.

w1 [MeV] Ho [MeV] u3 [MeV] g1 9 93 o, [MeV] o, [MeV]
Set (I) —247 247 F91.0 1.27 1.94 +0.34 93* 212
Set (II) 94.1 -94.1 +246 1.27 1.94 +0.34 93* 212

B’i’i =0 in the Lagrangian [Eq. (5)], leading to
M(B. ;) = mg + m_ ;. The mass difference of the heavy
baryons may equal that of diquarks—i.e.,

M(B—,i) - M(B+,i) =290, = M(d—.i) - M(d+,i)’ (12)

which can be used to fix g; and o,.

In addition to the above inputs, we employ a quark
model prediction as a useful reference for the demonstra-
tion. Namely, we take the mass of the lightest heavy-quark
spin-singlet A, baryon carrying J¥ = %‘ predicted in
Ref. [5] as another input: M(Bf’i:3) = 2890 MeV. We
note that the observed J” = 1~ baryons of A.(2595) and
E.(2790) are heavy-quark spin-doublet baryons, which are
not treated in this paper.

Now, we can fix all the parameters. Since the mass
eigenvalues in Eq. (7) include square roots, the coupled
equations yield four solutions for the parameter sets.
Physically, these four sets are classified into two sets, (I)
and (1), as displayed in Table 1. Both the parameter sets (I)

( Ratio is Qqq : Qqqdq )

mass [MeV]
1 3529
I
0.1% : 99.9% 3302
46.4% : 53.6% —
1.0% : 99.0%
39.0% : 61.0%
2967
2890 6.5% : 93.5%
* — :9/0 1 J9.970
2765 99.9% : 0.1% 24.8% : 75.2% 2732
13.3% : 86.7% 93-6% : 46.4% 99.0% : 1.0%
15.5% : 84.5% 2470* 61.0% : 39.0%
« 93.5% : 6.5%
2286 75.2% : 24.8%
I
86.7% : 13.3%
84.5% : 15.5%

REGEGED

FIG. 2. Mass spectrum of A.’s and E.s with J¥ =17 1~
obtained in our model. The asterisk (x) stands for the inputs. The
ratios indicated under the bars correspond to the components of
three-quark and pentaquark states in each baryon: Qqq:Qqqqgq,
in which the upper and lower ratios correspond to the parameter
sets (I) and (II), respectively.

and (II) predict the remaining negative-parity baryon
masses as M(BL,_ ,)=2732MeV, M(BY_ ,)=
3302 MeV, and M(B¥, ;) =3529 MeV. We show the
resultant mass spectrum of the heavy baryons in Fig. 2,
where the asterisk (x) stands for the inputs. Also, the
mixing angles defined in Eq. (9) are determined as shown
in Table II, where 6, . and 0p,_ , stand for the mixing
angles of A.’s and those of Z.’s, respectively. Table II
indicates that, for J¥ = %* baryons, the lower state
A.(2286) [E.(2470)] is dominated by Qgg, while the
higher one A.(2765) [E.(2967)] is dominated by Q¢qgq
for both the parameter sets. On the other hand, for J* = %‘
baryons, the ratio is largely dependent on the parameters.
The ratio of the Qgq and Qqqgq components for each
baryon is also shown under the bars in Fig. 2, in which the
upper and lower ratios correspond to the parameter sets (I)
and (II), respectively. The ratio is estimated by the square of
each coefficient in Eq. (9)—i.e., cos? @, or sin? O .

The A.(2765) [E.(2967)] baryon has been found to be
mainly Qqqgq with J* = %J“, where the gg constituent in
the mirror diquark gggq requires a P-wave excitation.
Although adding such a P-wave gq pair costs an energy of
order 1 GeV in the quark model, the above analysis shows
that the mirror diquark based on chiral symmetry costs only
about 0.5 GeV to form A.(2765) [E.(2967)]. This finding
is similar to the small mass of the light scalar meson g¢q in
the chiral model.

One of the most important consequences of our model is
the sum rule of the masses:

M(B;,i:1,2> =
p=+.n=H,L

> M(B ). (13)

p=+x.n=H,L

which can be derived from Eq. (7). Namely, the sum of the
mass of the four A.’s coincides with that of the four Z,’s.
The mass formula (7) also yields the extended Goldberger-
Treiman relation

TABLE II. The fixed mixing angles for parameter sets (I) and
(II), with the sign corresponding to the ones in the text. Note that
0p. ., and Op . stand for the mixing angles of A, baryons and

those of E. baryons, respectively.

93+,i:|,2 934:1‘2 93%’:3 937‘:‘:3
Set (I) +14.8° +6.01° +21.4° +1.67°
Set (II) +29.9° +38.6° +23.2° +43.0°
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FIG. 3. The left panel shows the o, dependence of M (B ,_;), M(B~,_;), M(B"

35001

Mass [MeV]
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Jq [MeV]

M ._3),and M(B",_;), while the right panel shows the

o, dependence of M(B% ;_, ,), M(B- ,_,,), M(B ,_, ), and M(B¥ ,_, ,). The results are identical for the parameter sets (I) and (II) in

Table 1.

Z M(B”" ;) - Z M(B" ;) = 2(g1 + 92)0; (14)

n=H,L n=H,L

for each i, which gives a constraint on the mass difference
between parity partners and the coupling constant of one-
pion (kaon) emission. In deriving Eq. (14), the higher and
lower masses MII',{ ; and M;i have been summed up to
cancel out the square roots in Eq. (7).

At the end of this section, we give comments on decay
properties of the excited baryons in our present model. In
this paper, we have investigated mostly the mass spectrum
of the baryons as the first step towards an understanding of
the importance of the newly introduced pentaquark from
chiral symmetry. In addition to the masses, our Lagrangian
(5) can derive various couplings among the light mesons
and heavy baryons. Namely, decay properties of the excited
baryons can be also studied. In this case, the ground-state
X, baryons are necessary, since the excited baryons can
decay into them. Based on chiral symmetry, the 2. baryons
are straightforwardly included on top of our present model
[34).2 By comparing our calculation given by such a hybrid
model and the experimental data of decays—e.g., the
A.(2765) decay widths—some of the model parameters
are expected to be fixed or constrained such that the
uncertainty of our present model is narrowed. Moreover,
to shed light on the decay properties of the excited baryons
predicted in this paper is useful for future heavy-baryon
experiments to observe them. In addition, a detailed
understanding of decay properties of the excited baryons,
especially from the viewpoint of the Goldberger-Treiman
relation [Eq. (14)] and the U(1), anomaly [36], leads to
further elucidation of properties of exotic constituents from
symmetry aspects of QCD. Investigation of the decays is
beyond the scope of this paper, and we leave it for future
publication.

*We expect that the inclusion of a pentaquark component for
the ground-state X, baryons is not necessary, since they are not
excited states.

IV. BARYON MASSES WITH THE RESTORATION
OF CHIRAL SYMMETRY

The symmetry relations such as the sum rule [Eq. (13)]
and the extended Goldberger-Treiman relation [Eq. (14)]
provide useful information on the chiral symmetry proper-
ties of the baryons for future experiments and lattice
simulations. In addition, as one of the most important
advantages of employing the present chiral effective model,
we can examine the properties of baryons at extreme
conditions such as finite temperature/density, where chiral
symmetry tends to be restored. The mirror diquark can be
regarded as an analogue of the mirror nucleon [6-9], which
gives rise to the mass degeneracy of parity partners at the
chiral restoration point in the nucleon sector [10,11,37-40].
Thus, we can expect that a similar mass degeneracy of the
partners of the singly heavy baryons arises.

In order to see the above mass degeneracy, we study
mass modifications of the baryons by changing the VEVs
6, and o in the mass formulas [Eq. (7)]. In Fig. 3, we show
the VEV dependence of the baryon masses. The left panel
of this figure shows the o, dependence of M(B%, ),
M(BE,_3), M(BY ,_5), and M(B¥ _;), while the right one
shows the o, dependence of M(B% ,_,,), M(B:,_,,),
M(B',_,,), and M(B",_, ,). It should be noted that the
results are identical for the parameter sets (I) and (II) in
Table 1. Figure 3 shows that

M(BY ;) =M(BL), M(BY;)=MBY) (15)
hold for i =1, 2 and i = 3, respectively, at the chiral
restoration point denoted by 6, = 0 and 6, = 0. Therefore,
our model predicts that BY ; and B- . are the parity partners
as in the nucleon sector. Similarly, B} ; and BY; are the
partners. Even when chiral symmetry is restored, due to the
presence of u3, which is chiral invariant, still the baryons
are interpreted as superpositions of a three-quark state and a
pentaquark state. The role of the mass parameter p; is
similar to that of the so-called chiral invariant mass M, for
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the naive and mirror nucleons [6,7]. Namely, y; and M, are
expected to share common fundamental properties.

The mass degeneracy demonstrated above originating
from the restoration of chiral symmetry is expected to be
realized at extreme conditions such as finite temperature/
density. These environments are provided in heavy-ion
collisions (HICs) and lattice simulations. Further studies on
the properties of the baryons at such extreme conditions
from the viewpoint of the restoration of chiral symmetry are
left for future work.

V. CONCLUSIONS

In this paper, we have proposed a new type of the light-
quark degrees of freedom, named the mirror diquark in
addition to the conventional diquark, to explain A.(2765)
[£.(2970)] and A.(2286) [E.(2470)] in a unified way
based on chiral symmetry. Accordingly, we have obtained
the masses of negative-parity as well as positive-parity
baryons in Eq. (7), and furthermore have derived the unique
relations such as the sum rule [Eq. (13)] and the extended
Goldberger-Treiman relation [Eq. (14)]. Moreover, our
model can naturally explain the strong suppression of
the direct decay process of A.(2765) by the two-pion
emission [19], because the 6-A,(2765)-A.(2286) (where o
is the light scalar meson) coupling disappears after the
diagonalization in the Lagrangian [Eq. (5)].

The mass spectrum of singly heavy baryons predicted in
this paper will provide useful information for future
experiments including HICs. Moreover, our finding that
the mirror diquark plays a significant role is expected to
provide new direction for future lattice simulations on

diquarks [35,41-43]. For example, the importance of the
mirror diquark would be tested by examining the correla-
tors of the conventional gg and mirror ggqgq diquarks,
similarly to the simulation of light scalar mesons with gg
and gqgq states [44]. The development of the diquark
chiral effective theory [45] including the mirror diquark
would be of interest. We also expect that the mirror
diquark with chiral symmetry provides a new aspect for
the understanding of the Roper resonance N(1440) with the
unique relations similar to Eqgs. (13) and (14).

In our novel picture, the mirror diquark is the main
constituent of A.(2765) [E.(2970)], while conventionally
such a baryon is regarded as a radial excitation (2§ state) in
the quark model [46]. Namely, an additional mixing from
2S state to the pentaquark for A.(2765) [E.(2970)] is
expected.3 Therefore, checking the unique relations in
Egs. (13) and (14), and the mass degeneracy of parity
partners or its precursory behaviors in future experiments or
lattice simulations would be desired for a better under-
standing of the hadrons from chiral symmetry.
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