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There is a puzzle in tha} family, i.e., one member witd®” = 3/2* is missing in & = 2 multiplet which the
heavy quark ective theory predicts, anif’s of A.(2765) andA(2940) are unknown. Using a light diquark
picture to calculate baryon masses, we study possiblerassigts of twaA's with unknownJ®P and the missing
Af with 3/2* for L = 2, and we find the most probable possibility that the peakesponding ta\.(2880)
actually includes a missing member with spif23for L = 2 and that quantum numbers 4f(2765) and
Ac(2940) are B(1/27) and 2P(1/27), respectively.

Introduction: In the former paper]], we have pointed out There is a pioneering work7] which calculates baryon
that careful observation of the experimental spectra ofjnea masses directly extending the method of Godfrey and Isgur
light mesons tells us that heavy-light mesons with the samg8]. However, since this method is complicated, in this arti-
angular momenturh are almost degenerate and that mass difcle regarding a baryon as a heavy quark-light diquark system
ferences within a heavy quark spin doublet and between doyQ{qq}) like in Ref. [9] and calculating its mass, we show that
blets with the samk are very small compared with a mass gapthe above observation ox holds, predictl”® and spin assign-
between dierent multiplets with dierentL, which is nearly ments ofA;(2765) andA¢(2940)", and propose a solution to
equal to the value of thAgcp ~ 300 MeV. In Conclusions a puzzle where the missing member foe 2 is.
and Discussion of Ref.1], we have also suggested that We adopt the method provided in Ref9] [to calculate
baryons may have properties similar to heavy-light mesonsaryon masses whose prescription is given by: 1) First we cal
There have been a couple of papers which pursue the similaulate diquark masses assuming the relativised quark model
idea for light and vector mesons by Afonin and his collaboraproposed by Godfrey and Isgur (GI§][ 2) Next, having
tors [2, 3], on which we do not discuss in this paper. a diquark mass calculated and regarding two light quarks as
3* € 3 x 3, we again apply the GI model to a heavy quark-
light diquark system to obtain a baryon mass.

This way of calculation places very tight conditions on
parameters so that it is veryflicult to reproduce physical
masses as one can imagine. Hence, we also refer to the values
of baryon masses where diquark masses are parameters to fit
with experimental datall0], and also refer to the values given
in Refs. [7, 9, 11].

According to PDG 4], there are sixA} baryons ob-
served by experiments, which are.(2286), A.(2595),
Ac(2625), A(2765) (or X:(2765)), A.(2880), and
Ac(2940). Among these, the following heavy quark spin
multiplets are identifiedA.(2286) withJP = 1/2* for L = 0,
Ac(2595) and A¢(2625) with 1/2* and 32* for L = 1,
respectively, and\;(2880) with 5/2* for L = 2. There is
one member missing in the spin multiplet for= 2 which
has spin 32*. Other than this missing particle, masseli-
ences in the same multiplet, i.e., with the salmeare very
small and gaps between the average masses of spin mul
plets are all~ 300 MeV, which obeys the rule proposed in
Ref. [1]. Although these successful assignments, there still re
mains a puzzle in tha} baryons, where the missing member
for L = 2 is and what quantum numbelS are forA.(2765)
andA(2940Y. If we regardA(2940) as a missing member
of L = 2, then this state must have spin-parit}23 which
contradicts a common understanding that a state with smalle 2, 22 5 12
spin 32 appears lower in mass than a state with larger spin Ho = (p*+m)Y2+ (p? + mp)™2, @)
5/2. In addition, the strong and radiative decay#ef2940) V(p,7) = A + A + ALY + A, ()
inaD*N molecular scenario have been analyzed in R&f€][
which are against spiry3.

Relativized Quark Model and Diquark Masses. To calcu-
Egte baryon masses, we adopt interactions propopsed by the
relativized Gl model whose Hamiltonian between quark and
antiquark can be expressed as

H = Ho+V(p.7), 1)

where

Here Hi‘z’”f includes the spin-independent linear confinement
and Coulomb-like interaction H{S™, HY', and HS3 are the
color contact, color tensor interactions, and spin-omitrt,
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explicit forms of those interactions and the details of thle r and Ref. L0] uses the semi-relativistic quark potential model
ativization procedure can be found in Refg. §] for mesons  which should be compared with our results. Since R&€] [
and baryons, respectively. treats diquark masses as parameters, they obtain bettéhfit w
To solve Eq. {), we need values of parameters which areexperimental data than ours. Our self-consistent calomlat
givenin Tabld provied by Refs. T, 8]. HereCy istakento be  of the A; baryon masses gives a rather higher values com-
the same a€qg in Ref. [8] up to the factor, an inner product pared with other models. Even though our calculated value

of color matriceg<|fl. |:"2>, With Vering(P) = Coq(0rCeg) + 2930 MeVis very close ta\(2940), it is natural to consider
br. V includes Gell-Man matrices whose expectation vlauesthat our values 2930 and 2919 MeV should form a multiplet

_ ) for L = 2. In this case, we find that masgféience betweeen
<|f1' ﬁ2>’ are 43 for qq and -23 for a diquarkgq. In Table 0 pers of 4 = 2 multiplet is within ~10MeV including
I, Gl means parameters taken from Réf.dnd Cl from Ref.  iher models. Accordingly, we can see the similar tendency
[7] which we adopt in this work to calculate diquark masses asq; 41 the models:
well as heavy quark-diquark, i.e., charmed baryon masses. |
this work, Cqg is used forCqqi WhereQ is a heavy quark and 1. Ac(2765) is identified as &42S, 1/2*) state.
“di” expresses a diquark. The word “same” in the CI column . . i
in Tablel means the same value as a Gl parameter. 2. Ao(2940y is identified as a2P, 1/27) state.

3. The observed peak of tha.(2880) assigned as

TABLE I: Values of parameters used in this work. GI means para | 1D,5/2%) actually includes a missing stgteD, 3/2")
eters taken from Ref8] and Cl from Ref. ]. because their predicted masses listed in Tédblare so
Gl CI(This work) close to each other, within 10 MeV, which could not

T(m, + ma) (MeV) 220 same be distinguished by experiments.
ﬁtﬁmga fé;s zmi Items 2 and 3 have been already pointed out by the paper of
as 0.60 same Ref. [10]. As for Iltem 3, experimental errors of the mass
Agcp (MeV) 200 same and width for A;(2880) are so small, 28850 + 0.35 and
Cag (MeV) -3(-253)  same 5.8 + 1.1 given in Refs. 4, 12, 13], respectively, that one
Caq (MeV) NA - -5(-253) cannot imagine that there is a missing particle hidden in
oo (GeV) 1.80 same .
S 155 same the same peak at.(2880). However, there are theoretical
b (Ge\?) 018 0.15 uncertainties as one can see from TdbleReferencest, 11]
L+ econt %—0.168 same give the same mass values folD,5/2") and| 1D, 3/2*),
5 + Eens §+0.025 3 -0.168 and Refs. 9, 10] including ours give masses within- 10
3 + €sop) 3 +0055 3 MeV so that considering theoretical errors, both states are
7+ 600 2+0055  5+030 most probably in one peak or it is veryfiicult to separate
5 + €coul 3 same

two states from the peak at 2880 MeV.

Th lculated di K by using both Conclusions and discussion: After many XYZ particles
e calculated diquark masses by using both parameter sqts, o peen discovered, people have paid attention to these pa

of Gl and Cl are listed n Tablg. AIthough Rgf. V]_lncludes ticles to solve a question how they can be explained, either
thF," three body interaction, we neglect it to simplify theccal molecular state, or tetra-quark state or just a kinemaétal
lation. fect [14-16]. Now settling most of theXYZ particles, people

are now paying most of their energy to study heavy baryons,
TABLE II: Masses of scalar and axial vector diquari&andAde-  the cases that one or two or three quarks are heavy. To at-
note scalar and axial vector diquarks, respectively. Tlheds and tack this problem is a bit hard compared with tK¥Z par-
brackets correspond to symmetric and antisymmetric quamieats  ticles because baryons consist of three quarks and it is very

in flavor, respectively. The units are in MeV. hard to solve a three-body problem. A diquark picture makes
Quark content  Diquark type Mass (GI) Mass (CI) the problem easier to calculate their mass spectrum as well
[u,d] S 691 642 as their decay behaviors with a help of & model as the
{u,d} A 840 779 paper [L7]. Also see the paperf] how to apply the method
[u, ] S 886 838 proposed by17] to baryons.
{u, s} A 992 934 After starting from the simple observation that many of the

heavy-light mesons have degenerate masses within a heavy
qguark spin multiplet, we could extend the idea to baryong Th
Baryon masses: After obtaining diquark masses in Talble  first example was th&. baryons. However, there is the puzzle
we calculate baryon masses using Ef. with both parame- in this spectrum that there is a missing member in & 2
ter sets of Gl and CI. Although the mass values with the Clheavy-quark spin multiplet.
parameter set is better than those of GlI, we list both results In this article, we have studied th&} spectrum. To do
in Tablelll as “Prediction (GIGI)” together with experimen- so, we have calculated baryon masses taking a heavy quark-
tal data and other results given by Refg, $-11]. Among  diquark picture for baryons and have compared with other the
these results, Refs.9[10] use heavy quark-diquark picture oretical as well as experimental values. To take a diquark pi



TABLE llI: Predicted masses for the} state of ours and other approaches in R&fs9f11] compared to experimental dat [in MeV). We
adopt masses generated by the Cl parameter set in this work.

A{ baryons

States PDG [] Prediction (CI) Prediction (Gl) Ref10] Ref.9]  Ref.[7] Ref. [11]

| 1S,1/2%) 2286.86 2177 2267 2286 2286 2265 2268
| 2S,1/2%) 2766.6 2749 2891 2772 2769 2775 2791
| 3S,1/2%) 3160 3345 3116 3130 3170

| 1P, 1/27) 2592.3 2603 2736 2614 2598 2630 2625
| 1P, 3/27) 2628.1 2619 2739 2639 2627 2640 2636
| 1D, 3/2") 2930 3095 2843 2874 2910 2887
| 1D,5/2*) 2881.53 2919 3065 2851 2880 2910 2887
| 2P, 1/27) 2939.3 3030 3204 2980 2983 3030 2816
| 2P, 3/27) 3038 3203 3004 3005 3035 2830
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