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Summary. — We present a study of mass spectra and electromagnetic couplings
of S- and P-wave heavy baryons in the framework of a non-relativistic harmonic os-
cillator quark model. Particular attention is paid to the properties of heavy cascade
baryons, E¢ and =g,.

1. — Introduction

The study of heavy baryons is important to gain a better understanding of hadron
structure and the strong interaction. In recent years there has been a large amount of
new experimental information on heavy baryons, especially on singly heavy baryons with
one charm c¢ or one bottom b quark, see, e.g., the PDG compilation [1].

Recent reviews show that for heavy cascade baryons, Z¢ and E’@ all ground state
S-wave baryons have been observed in both the charm and the bottom sector, as well as
several candidates for excited P-wave baryons [1-5].

In the bottom sector, the LHCb Collaboration observed the Z, (6227) baryon in both
the ApK and E,m channels [6]. The =;,(6100) baryon which was observed by the CMS
Collaboration in the Z, 777~ invariant mass spectrum [7] was recently confirmed by the
LHCD Collaboration [8] together with the discovery of Z;,(6087)% and =, (6095)°.

In this contribution we present a study of mass spectra and electromagnetic couplings
of S- and P-wave Zg and Eb baryons with @@ = ¢ or b in the framework of a non-
relativistic harmonic oscillator quark model introduced in [9] and applied in [10-14].

2. — Mass spectra

Singly heavy gq@Q baryons belong to either a flavor sectet (Xq, =, Q) or an an-
titriplet (Ag, E¢), whereas doubly heavy QQq baryons constitute a flavor triplet (Egq,
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Qgq) and triply heavy Qg baryons a singlet. In this study we adopt a harmonic os-
cillator quark model to describe the spectroscopy of heavy baryons. The mass spectrum
of heavy baryons is analyzed with the mass formula

3
(1) M:Zmi+wpnp+wwA+AS(S+1)+B%[J(J+1)—L(L+1)—S(S+1)]

i=1

+EI(I+1)+G%[P(P+3)+q(q+3)+m]~

Here n, and n) denote the number of quanta in the p- and M-oscillator, respectively. The
ground state has (n,,n\) = (0,0), whereas the states with one quantum of excitation
in the p mode or the A mode are characterized by (1,0) and (0, 1), respectively. The
corresponding frequencies have the same spring constant C' but different reduced masses

3C 6C 3C mi + mo + Mms3
(2) Wy =4 — =4/ ——, Wy =4/ — =wpy| ——.
my mi + mo m) 3ms

The labels L, S, J and I denote the orbital angular momentum, spin, total angular mo-
mentum and isospin, respectively. The labels (p, ¢) represent the SU (3) flavor multiplets:
the flavor sextet is labeled by (2,0) = 6, the anti-triplet by (0,1) = 3, the triplet by
(1,0) = 3, and the singlet by (0,0) = 1. The parameters were determined in a fit to the
experimental masses of 4lheavy baryon resonances (25 single charm, 15 single bottom
and 1 double charm). A good overall fit was obtained with a root-mean square deviation
of dms = 19 MeV [13].

Over the last couple of years there has been a lot of progress in the understand-
ing of single heavy cascade baryons, Z¢g and E’Q The LHCb Collaboration reported
the discovery of three new resonances in the A7 K~ channel, Z.(2923)%, =.(2939)° and
Z.(2965)Y [3]. The Belle Collaboration determined the spin and parity of the charmed-
strange baryon, =.(2970)%, to be J¥ = 1/2% [4] and studied the electromagnetic decay
of the excited charm baryons =.(2790) and =.(2815) [5]. More recently, the LHCb Col-
laboration reported the discovery of the Z;,(6087)° and =,(6095)° baryons [8].

The results for single heavy cascade baryons are shown in tables I and II which are
updated versions of table 4 of ref. [13]. All ground-state S-wave Zf, and Zq baryons
have been identified. In addition, there are in total 7 P-wave states both for the flavor
sextet and the flavor anti-triplet. We only consider states with n,+mny = 0 or 1 oscillator
quanta. For ground state baryons our results are comparable to those obtained in quark
model descriptions by Yoshida et al. [15], Karliner and Rosner [16] and lattice QCD
calculations [17].

In the charm sector 5 candidates have been assigned tentatively for the flavor sextet,
only for the 2A\(E.)1 /5 and *A\(E.)5 /2 states there are no obvious candidates. For the anti-
triplet, the =.(2790) and =.(2815) baryons are assigned as 2\(Z.); with J© = 1/27 and
3/27, respectively. The latter assignment is based both on masses and electromagnetic
decay widths [5,10,13]. The Z.(2970)" and =.(3123)" baryons are missing from table L.
The spin and parity of Z.(2970)" were determined to be J¥ = 1/2% [4] which suggests
an interpretation in the harmonic oscillator quark model as an excitation of two oscillator
quanta. The status of the Z.(3123)" baryon is still very uncertain (one star), and in the
harmonic oscillator quark model with n, +n, < 1 there are no states with a comparable
mass.
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TABLE 1. — Mass spectra of single charm S- and P-wave 2. and Z. baryons. The experimental
values are taken from [1,3].

State (np,my) I L S JY  M™(MeV) M“P(MeV) Name *
2(El)1/2 (0,0) i o L ¥ 2586 + 2 2578.2+0.5 =it 3
2578.7 £ 0.5 e 3
Y(EL)32 (0,0) i o & gt 2653 + 2 2645.14+0.3 Z.(2645)7 3
2646.2+0.3  Z.(2645)° 3
2p(EL)1)2 (1,0) i1 {1 1 3029 + 2 3055.9£0.4  Z.(3055)7 3
2p(EL)3)2 (1,0) i1 § & 3062 + 2 30772404  Z.(3080)" 3
3079.9 £ 1.4  Z.(3080)° 3
2AEL)1 2 (0,1) 1 i 1- 2890 + 2
2N(EL)3/0 (0,1) 1 i 2" 2922 4 2 29423 +4.6  Z.(2930)T 2
2938.6 £ 0.3  E.(2930)° 2
AED1)2 (0,1) i1 3 %‘ 2923 4+ 2 2923.04+0.3  E.(2923)° 2
RICA (0,1) i1 3 3 2956 =+ 2 2964.94+0.3  E.(2965)°
AEL)s/2 (0,1) T T B 3011 £2
HESI (0,0) i o i Lt 2474 + 2 2467.7+£0.2 =F 3
2470.44+ 0.3 =9 4
2p(Ee)1)2 (1,0) i1 L i 2917 £ 2
2p(Ec)a)2 (1,0) 1 % 3= 2950 =+ 2
“p(Ee)1 /2 (1,0) i1 2 4 2950 + 2
“p(Ee)s/2 (1,0) i1 2 3" 2083 =+ 2
“p(Ee)s/2 (1,0) i1 3 3 3038 £ 2
XM (Ee)1/2 (0,1) i1 L 1 2777+ 2 2791.9+05  Z.(2790)t 3
2793.94+0.5  E.(2790)° 3
AEe)s)2 (0,1) R U - 2810 + 2 2816.5 £ 0.3  Z.(2815)7 3
2819.8 +£0.3  =.(2815)° 3

In the bottom sector, there is less experimental information available [1]. The
E4(6100) baryon which was observed by the CMS Collaboration in the =, 77~ invari-
ant mass spectrum [7] was recently confirmed by the LHCb Collaboration [8] together
with the discovery of Z,(6087)° and =,(6095)°. The Z,(6100)~ state was interpreted as
a member of the isospin doublet *A(Z}) j—3/» of the flavor anti-triplet [13]. The recently
discovered Z(6095)° baryon is assigned as its isospin partner, whereas the Z;,(6087)°
baryon is assigned as a member of the isospin doublet 2\(Z) ;—; s2- The corresponding
theoretical masses are in good agreement with the observed values. In comparison with
table 4 of ref. [13] here we have assigned tentatively the Z,(6327)% and Z,(6333)° baryons
as 2p(Z}),; with J¥ =1/27 and 3/27, respectively.

3. — Electromagnetic couplings

The assignment of quantum numbers is mostly based on energy systematics. The
interpretation of the Z.(2790) and Z.(2815) resonances as 2\(Z.); states with JI =
1/27 and 3/27, respectively, is confirmed by an analysis of the electromagnetic de-
cay widths [13,18]. The Belle IT Collaboration reported the first (and so far the only)
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TABLE II. — As table I, but for single bottom = and Zp baryons. The experimental values are
taken from [1,8].

State (np,ny) I L S JP  M™(MeV) MP(MeV) Name *
2(Eb)1/2 (0,0 i o § It 5935 + 2 5935.0£0.1  =,(5935)" 3
4(Z4)a)2 (0,0 i o & 2t 5957 4 2 5952.34+ 0.6  E,(5945)° 3

5955.3 £0.1  Z,(5955)" 3
2p(Zp)1 /2 (1,0) i1 {1 1 6366 + 3 6327.3+0.4  Z,(6327)° 3
2p(E4)3)2 (1,0) i1 {1 & 6373+ 3 6332.74+0.3  E,(6333)° 3
2AE)1 2 (0,1) i1 {1 6201 +3
2A(EL)32 (0,1) i1 {1 3 6207+ 3
AED) 12 (0,1) i1 ¢ 1 6216 +3
A(ED)a2 (0,1) i1 3 & 6223 +3
NEL)s/2 (0,1) i1 & 3" 6234 + 3 6226.8 1.6  Z,(6227)° 3
6227.9+0.9  Z,(6227)" 3
2(Zp)1/2 (0,0 i o § It 5812 +2 5791.9+£0.5 EY 3
5797.0 + 0.6 i 3
2p(Zp)1/2 (1,0 i1 L+ 1 6243 +£3
p(2b)3/2 (1,0) i1 L1 & 6249 + 3
“p(Ep)1)2 (1,0) D T 6258 + 3
*p(Ep)3)2 (1,0 i1 3 3" 6265 £ 3
“p(Zp)5)2 (1,0) i1 3 5 6276 + 3
XEI (0,1) i1 L1 6077+ 3 6087.24+0.5  Z,(6087)°
2X(Eb)3/2 (0,1) i1 L 2 6084 + 3 609544+ 0.5  =,(6095)°
6100.3+0.6  =,(6100)" 3

measurement of radiative decay widths of charmed baryons. It was found that the widths
of the neutral Z.(2790)? and =,.(2815)° baryons are large (albeit with a large uncertainty),
whereas for the widths of the charged =.(2790)" and Z.(2815)" baryons only an upper
limit was established [5]. In table IIT we show a comparison with other theoretical calcu-
lations. We find a reasonable agreement between our calculation and the experimental
data, as well as with the yQM results [18]. The decay widths of =.(2790) in ref. [19], in
which charmed baryons are interpreted as meson-baryon molecular states, are calculated

TABLE III. — Radiative decay widths in keV of the Z.(2790) and Z.(2815) baryons.

Present QM [18]  MB[19]  LCQSR [20] RQM [21] Exp [5]
2.(2790)* 7.4 4.6 249.64+419 265+ 106 < 350
=.(2790)° 202.5 263.0 1193+21.7 27408 800 + 320
2.(2815)F 4.8 2.8 190 + 5 < 80
=.(2815)° 292.6 292.0 497 +14 3204518
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to be ~250keV for the charged baryon and ~120 keV for the neutral baryon. Even though
these results are in qualitative agreement with the data (which have large error bars)
their behavior is very different from the present results and the yQM. In the light-cone
QCD sum rule approach of [20] the radiative decay width of the charged ZF (2790) baryon
is calculated to be much larger than that of the neutral Z%(2790) baryon, in contradiction
with the experimental data. Finally, a calculation in the relativistic quark model shows a
larger radiative width for the neutral Z.(2815)° than for the charge Z.(2815)" state [21],
although the calculated value of I'(2.(2815)" — =F + ) is much larger than the upper
limit from experiment.

4. — Summary and conclusions

In summary, we presented a study of masses and electromagnetic couplings of heavy
baryons in a non-relativistic harmonic oscillator quark model in which we use a Giirsey-
Radicati form for the spin-flavor dependence [9]. The parameters are determined in a
simultaneous fit to 41lheavy baryon masses, 25 single charm, 15 single bottom and 1
double charm, with an r.m.s. deviation of 19 MeV.

The calculated masses of the single heavy cascade baryons are in good agreement
with the available experimental data. A study of the radiative decay widths shows that
the observed widths for the charged and neutral £.(2790) and E.(2815) baryons are in
agreement with the assignment of these resonances as 2A(Z.); states with JZ = 1/2~
and 3/27, respectively.
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