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Roper-like singly heavy baryons in a chiral model
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We investigate the Roper-like singly heavy baryons such48765) and=.(2967) in a chiral model. Based on chiral symmetry of diquarks

inside the baryons, we propose that the Roper-like baryons are mostly pentaquarkaiates while the corresponding ground-state ones
A-(2286) and=.(2470) are three-quark state§)§q). Besides, the mass spectrum of negative-pakityand =. which are heavy quark
spin-singlet is predicted by the linear representation of chiral symmetry. We also derive a sum rule of the heavy baryon masses and ar
extended Goldberger-Treiman relation. In addition to them, we demonstrate the parity-partner structurk.&f #imel =.'s by showing

mass degeneracies of them at the chiral restoration point. We expect that the present investigation leads to a better understanding of th
diquarks inside hadrons from the viewpoint of chiral symmetry.
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1. Introduction mass spectrum of the heavy baryons. Our present analysis is
based on the linear representation of chiral symmetry, so the

Recent development of hadron experimentseat, KEK,  parity-partner structure of the positive-parity and negative-
LHC, and SLAC has been providing us with clues to under-parity heavy baryons is expected to be realized. Thus, in
stand properties of singly heavy baryons. Since those baryorsec. 4 we demonstrate mass degeneracies of the parity part-
include one heavyc(or b) quark acting as a spectator for the ners at the chiral restoration point. And in Sec. 5 we conclude
remaining light quarks, in particular, we can examine a rolehe present study.
of diquarks inside the hadrons from them.

Among singly heavy baryons, the Roper-like baryons
such as\.(2765) and=.(2967) which are heavy quark spin- 2. Model
singlet andJ” = (1/2%) [1, 2] are attracting attention.
Their masses are larger than the masses of the correspondihgthis section, we construct an effective model describing
ground-state\.(2286) and=.(2470) by about500 MeV [3],  the singly heavy baryons which are heavy quark spin-singlet
which is similar to the Roper resonandg1440) for the nu-  and flavor-singlet, based on chiral symmetry of diquarks. For
cleon sector [4]. Besides, the decay widths of those baryonghis purpose, we introduce the following two types of di-
are tens of MeV, and it is known that such large widths canquarks [16]:
not be explained by the conventional nonrelativistic quark

model [5]¢ This discrepancy is also similar to the nucleon (dR)$ ~ e”ke“bc(qg);?C(qR); ,
sector [8]. . s b .
Chiral models based on the chiral representation of the (dr)i ~ €™ (q1);C(qr)5
light quarks are useful in studying hadron properties. Thus )~ eanre®e (gD O ef(7 \d
far, investigation of hadrons by a chiral model has been (dR)i ~ eme™ (ar)kClar)il(@)i(ar)j]
broadly done not only for light hadrons but also for the heavy- (d})? ~ €me™ (qf)pClar)l(@r) (a)d], (D)

light mesons [9, 10]. Moreover, recently the model is applied
to singly heavy baryons by focusing on the chiral represenwhere the superscripts:, b, - --) and subscriptgi, j, - - - )
tation of the diquarks inside them [11-15]. In the presentepresent color and flavor indices, respectively, and,) =
work, we extend the chiral model for singly heavy baryons(1 + ~5/2)q is the left-handed (right-handed) quark. In
to include the Roper-like baryors.(2765) and=.(2967) in Eq. (1), the formerdg anddy, are the conventional diquarks,
addition to the ground-state on&s(2286) and=.(2470). In  while the latterd); andd’, are the mirror diquarks which can
particular, in order to treat both the baryons, we introduce thée understood as tetra diquarks. It should be noted that the di-
mirror diquark which can be understood as a tetra-diquarkquarks are Lorentz scalar since we focus on only heavy quark
state ¢qqq) as well as theonventional diquarkqq) [16]. spin-singlet baryons. The diquark®) (belong to the chiral
This write-up is organized as follows. In Sec. 2, we in-representations atz ~ (1,3), d;, ~ (3,1), dp ~ (3,1)
troduce the mirror and conventional diquarks, and construcandd’; ~ (1,3). Hence, when we define the heavy baryon
an effective Lagrangian for the singly heavy baryons basefields by attaching a heavy quafk to the diquarkslX) as
on their chiral representations. In this section we also ex{Bg(z))i ~ Q*(dr(r)){ and(By ;)i ~ Q*(dy,)){, the
plain input parameters. In Sec. 3 we present the resultarhiral transformation laws of those baryons read
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hand. For later use we determine its value torhg =
; : 2868 MeV. For the VEV'’s we have defined, = o2 = o,
Br — Brgr, Br — Brgy,, andos = o,. In Eq. @) or in Eq. ) the superscripf /L
) represents the higher/lower mass eigenvalde(L) corre-
sponds to the- (—) sign in the right hand side. Thug?!
It should be noted thaBy(;,) corresponds to the three-quark refers to the groun_d-stagbc(2286) (fori = 3) or 5.(2470)
state whileB}, ,, the pentaquark state. (for i = 1,2), while BY; the Roper-like state\.(2765)
From the chiral transformation laws in E@®)(a chiral ~ Of £:(2967). Besides, in Eq.4) the mixing angles satisfy

Lagrangian which is invariant und€i/ (3) , x SU)(3) g chi-  tan0p. , = (2m4;)/(ms,; —ml ;).

Bl — Byl , B}, — Bjgh .

ral and parity transformations is obtained as In our model8), we have seven parameters, pi2, i3,
g1, 92, g3, ando,. To fix them, we use masses of the observed
L= > ( Byiv- 8By, — i B, By, baryonsA.(2286), Z.(2470), A, (2765) and=.(2967) as in-
x=L,R puts [3]:
+ Bliv- 0B, — 2B\ B, M(BY,_;)=2286 MeV, M(BY,_;)=2765 MeV
— ,ug(BRB;: + B;:BR + BLB;% + B}%BL) M(B—Li-,i=172)22470 MeV,
— g1(BLY*Bgr + BrETBy) M(BY,_, 5)=2967 MeV. (6)
— g2(BRY* B, + B, X" Bg) In addition to them, we also employ masses of the conven-
_, _ , tional diquarks measured by the lattice simulation [17] to-
— g3(BRY*Br + BLY*B), +h.c.), 3)

gether with the chiral model [13] as additional inputs:

within the heavy baryon effective theory. In E3),(v is a M(dsio12) =906 MeV, M(d_ ;1) = 1142 MeV
velocity of the heavy baryons arklis a light meson nonet. T ’ T ’
Besidesu, iz andyus are responsible for parts of the heavy M (dy ;=3) = 725 MeV,

baryon masses whil@, g andgs are couplings between the N

baryons and light mesons. Under the spontaneous breakdownM(d*’Z:‘s) = 1265 MeV, ™

of chiral symmetry, the light meson nonet is replaced by itSynere the subscripts andi refer to the parity eigenvalue
vacuum expectation value (VEME) = diag(o4,04,05)  and flavor index of the diquarks, respectively. Those di-
with o, = 93 MeV. We note that the value of, is different  quark masses were measured without corrections from the
from o, due to the small violation o$U (3) .+ r, andos Will - mirror diquarks, hence, the masses are related to those of the
be determined later. heavy baryons of three-quark statBs with no corrections

In Eq. 3) the heavy baryon fields are expressed in termgrom the pentaquark oneB’,. In our model, the masses of
of the chiral indiced. andR. The parity eigenstates are given gych uncorrelated three-quark states are read by switching
by BL = (1/V2)(Br ¥ Br) and B = (1/v2)(B, +  off the pentaquark states in E@)(as B+, = 0, yielding
B',) [13], however, still thes@.. andB!,. are not mass eigen- M(Bx;) = mp + m+ ;. When we regard the heavy quark
states due to mixings between them. In order to diagonalizgsjde the baryons as a spectator with respect to the remaining
the mixings, we define mass eigenstai®ls; and B; by diquark, the mass difference betweef{B_ ;) andM (B, ;)
introducing mixing angleé, ; as is expected to coincide with that 6 (d_ ;) and M (d. ;).

<B%i> _ ( cosfp, , SineBi,i> (B:I:,i) ) Thatis, we have
B —sinfp, , cosbp,,) \BL,) " M(B_;)—M (B, )=2g10,=M(d_;)—M(d,;), (8)
The corresponding mass eigenstates are given by which fixeso, andg;. The above procedure enables us to
fix six parameters, however, one parameter remains undeter-
mined. In order to fix it, we further employ a mass of the
negative-parity and heavy quark spin-singlet baryon es-
+ \/(m+,¢ —ml )%+ 4771%} ; timated by a quark model as an input/ (B~ ;) = 2890

MeV [18].

1
M(Bf/f’) =mp + 5 {m+’i + m/+,i

1
M(BHE) = mp + 5 [m—i +m_,

£\ fims = 2w ] (9)

3. Mass spectrum

In Sec. 2 we have constructed our chiral model. In this sec-
with my ; = 1 F g104, m’iﬂ» = p2 F g20; andmy ; = tion, based on the model we show the resultant mass spec-
13 F g3o;, andm g is an arbitrary mass parameter for defin- trum of positive-parity and negative-parity.’s and =.'s

ing the heavy baryon effective theory that we can fix bywhich are heavy quark spin-singlet.

Supl. Rev. Mex. Fis3 0308025



ROPER-LIKE SINGLY HEAVY BARYONS IN A CHIRAL MODEL 3

TABLE |. Two parameter sets (I) and (Il), where the asteriskstands for the inputs. The arbitrary mass parametgris fixed to be
mp = 2868 MeV.

w1 [MeV] p2 [MeV] s [MeV] g1 g2 g3 aq [MeV] os [MeV]
Set (I) —247 247 F91.0 1.27 1.94 +0.34 93* 212
Set (Il) 94.1 —94.1 +246 1.27 1.94 +0.34 93* 212
mass [MeV] In addition to this relation, field-theoretical treatment of the
1 3529 mass spectrum in the present study yields a sum rule of the
( Ratio is Qqq : Qqqdq ) 01%:99.9% 3302 baryon masses
46.4% : 53.6% L
1.0% : 99.0%
39.0% : 61.0% Z M(Bg,izl,z) = Z M(B;Z,i,:S) ’ (10)
2967* p=t+,n=H,L p=+,n=H,L
— # . .
«  6.5%: 93.5% 2890 which cannot be obtained by quark models. Furthermore, our
2765 24.8% 1 75.2% 99.9% : 0.1% 2732 analysis naturally explains the suppression of the direct decay
13.3% : 86.7% 53.6% : 46:4%  gg 007 . 1.0% process im . (2765) — A.(2286)rn [1], because a coupling
10:5%:845%  2470™ 61.0% : 30.0% of A.(2765)-A.(2286)-0 (this o is the lightest scalar meson)
«  935%:65% vanishes due to the diagonalization to get the mass formulae
2286 75.2% : 24.8% in Eq. B).
86.7% : 13.3%
84.5% : 15.5%

4. Mass degeneracy of parity partners

1t 1t 1~ _ (1~

A (2 > - (2 ) A <2 ) - <2 ) One of the peculiarities of chiral models is a mass degen-
FIGURE 1. Mass spectrum af.'s and=Z.'s for J© = 1/2% (red) eracy of the parity partners at the chiral restoration point.
andJ” = 1/27 (blue). The asterisk«) represents the inputs. The The mirror diquarks proposed in the present study can be
ratio stands forqq : Qqqgq of each heavy baryon, where the up- regarded as an analogue of the mirror nucleons for negative-
per and lower ones are corresponding to the parameter set (I) andarity nucleonV*(1535) in the parity doublet model [19,20].
set (1I), respectively. Within this model, it has been suggested that the ground-state
. . N(940) and the excited negative-parity*(1535) tend to
Since the mass formulae in E&) ancludg square roots, e(genérate as chiral symmetry restores, (show?ng the parity-
we can get several parameter sets. In particular, we have 0g'artner structure [21-25]. Thus, in the present model for the

ngly heavy baryons as well, we can expect that mass degen-
eracies of the parity partners occur in a similar way. In this
section, we show such mass degeneracies by simply chang-
ing the VEV’so, ando in Eq. (5) to demonstrate the parity-
Ipartner structure of the heavy baryons.
The resultant mass changes/ofs (left) and=.'s (right)

ith respect tar, ando, are shown in Fig 2. It should be
oted thatr, = 212 MeV ando, = 93 MeV correspond to

tained two physically distinct parameter sets, as summarize
in Table I. We note that the arbitrary mass parameteris
fixed to bemp = 2868 MeV as mentioned before.

The resultant mass spectrum &fs and=’s for J* =
1/2*+ (red) andJ” = 1/2~ (blue) are shown in Fig. 1.
In this figure the ratio indicated below the bars stands fo
Qqq : Qqqqgq of each heavy baryon, where the upper an
lower ones are corresponding to the parameter set (I) ag:g
set (Il) in Table I, respectively. Besides, the asterigk ( the vacuum whiler, = o, = 0 the chiral restoration point
means the input mass. The figure shows that the Roper-lik?he figure clearly ;howsqthat |
A.(2765) and Z.(2967) are mostly dominated by the pen-

taquark state composed of thf mirror diquagigi), while M(Bﬁ )= M(Bf,i)v

the ground-staté..(2286) and=.(2470) by the three-quark

state composed of the conventional diquayg) for both the M(BY,) = M(B")), (11)
parameter sets. On the other hand, the ratio of negative-parity ) ) . ) )

Since our analysis is based on chiral symmetry of the distructure of B ;, B ;} and{B{;, B” ;} is indeed demon-
quarks, we can obtain an extended Goldberger-Treiman rétrated.
lation that the couplings among the heavy baryons and light Although our analysis shows the partner structure in the
pseudo-scalar mesons satisfy: simplest way, in more realistic situation the chiral restoration
occurs at finite temperature, density, and volume where other
> M(B',) - Y M(B};)=2(g1+g2)0i. (9 corrections contribute. Hence, investigation including such
n=H,L n=H,L effects together with the changessfands, on the masses
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FIGURE 2. Mass changes of.'s (left) and=.’s (right) with respect tar, ando,. os = 212 MeV ando, = 93 MeV correspond to the

vacuum whiless = o4, = 0 the chiral restoration point.

of A.’s andZ.’s are inevitable, and we leave such a study(Qqq). Besides, chiral representation of the diquarks has
for future work. From such an investigation, a better underyielded the mass spectrum of negative-paritys and=..’s
standing of the relation between the mirror diquark and thén addition to the positive-parity ones. Furthermore, a sum

conventional diquark from the viewpoint of chiral symmetry
is expected.

5. Conclusions

In the present work we have studied the Roper-liké2765)
andE.(2967) together with the ground-state.(2286) and
=.(2470) in a chiral model, by introducing the mirror di-
quark @qgqq) in addition to the conventional diquark).
As a result, we have found that the Roper-likg(2765)
and=.(2967) are mostly pentaquark stat@q{qgq) while the
ground-stateA.(2286) and =.(2470) are three-quark state

rule of the heavy baryon masses and an extended Goldberger-
Treiman relation have been derived, as a consequence of
field-theoretical treatment based on chiral symmetry. In ad-
dition to those findings, we have demonstrated the parity-
partner structure of the heavy baryons by showing mass de-
generacies at the chiral restoration point.

We expect that our present investigation leads to a better
understanding of the diquarks inside hadrons from the view-
point of chiral symmetry. We also expect that our findings
and predictions provide future experiments with useful infor-
mation on unobserved negative-parity and=..

i. The relativistic corrections in the quark model was found to im-
prove the discrepancy [6]. Also, tHé% model can reproduce
the decay width reasonably [7].
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