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In this article, we present a complete classification of the negative parity =/, /b and B/, P-wave states:
seven belonging to the SU(3) flavor sextet and seven to the flavor antitriplet, the calculation of the =/, /p and
E,/p strong partial decay widths into ’E K, *El.x, *T.K, “El.x, ALK, B 7, and Z.n channels both within the
elementary emission model and the 3P, model, and the calculation of the electromagnetic decay widths for
= s and B, radiative decays. By means of the equal-spacing mass rule and by the analysis of the strong
partial decay widths, we suggest possible assignments for the new LHCb =.(2923)°, =,(2939)°, and
E.(2965)" states, as well as for the Z,’s previously reported by Belle and BABAR. Our results can be tested
by future experiments, at LHCb and Belle, disentangling the remaining missing piece of information, i.e.,
the quantum numbers. Finally, a comparison is made between a three-quark and a quark-diquark
description of Z, states. Very recently the LHCb Collaboration reported the observation of two new T,
states, namely =,(6327)° and 5,(6333)°, in the AY)K~7z* channel with a statistical significance larger than
9 standard deviations. The experimental masses and widths of these two states are consistent with our mass

and width predictions for the doublet of D-wave excitations of the £, system with Jé'b (

and J}E),,( o= 5/2%.
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I. INTRODUCTION

The observation of three negative parity Z0 charmed
baryons by the LHCb Collaboration [I] represents an
important milestone in our understanding of the quark
structure of hadrons. As the hadron mass patterns carry
information on the way the quarks interact with one
another, they provide a means of gaining insight into the
fundamental binding mechanism of matter at an elementary
level. Recent reviews of heavy baryon physics can be found
in Refs. [2-6].

The Particle Data Group summary table lists a total of
eight neutral single-charm cascade baryons and seven
charged ones [7]. The angular momentum and parity of
these states have not yet been measured. The assignment of
quantum numbers is based on quark model systematics.
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All ground state single-charm baryons have been identified:
the flavor antitriplet with J* = 1/2% consists of the Z;, Z2,
and A} baryons; Ef, E, the three charge states of
¥.(2455), and Q¥ form the flavor sextet with J© = 1/27;
the two charge states of E.(2645), the three charge states of
*.(2520), and Q.(2770)° form the flavor sextet with
JP =3/2%. Only very recently, the LHCb Collaboration
has announced the observation of three negative parity =0
states in the AF K~ channel [1]:

E.(2923)%: M =2923.04 +0.25 £+ 0.20 £ 0.14 MeV,
I'=71+£08+1.8 MeV,

2.(2939)%: M =2938.55 +0.21 £0.17 £ 0.14 MeV,
I'=102+0.8+1.1 MeV,

E.(2965)%: M = 2964.88 +0.26 + 0.14 £ 0.14 MeV,
I'=141£0.9+1.3 MeV.

As observed by the LHCb Collaboration, these three states
follow an equal-spacing mass rule of around 126 MeV [1]
with respect to the excited negative parity Q¥ states [8,9].
This is similar to the equal spacing mass rule for the SU;(3)
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ground states in the Gell-Mann, Okubo, and Giirsey and
Radicati mass formulas [10-12]. Therefore, the LHCb
Collaboration suggested that the three new negative parity
excited Z,(2923)°, £.(2939)°, and E.(2965)° states be
assigned to the same flavor SU;(3) multiplet as the negative
parity excited ©.(3050)°, Q.(3065)°, and ©.(3090)°, i.e
the SU;(3) flavor sextet (6). The Belle [13,14] and BABAR
[15] Collaborations observed Z.(2930)° in the same A K~
channel, which could be considered an unresolved combi-
nation of two independent states Z.(2923)° and Z,.(2939)°,
while the third LHCD state, the Z.(2965)°, could be either
the already observed Z.(2970)° [16] or maybe a completely
new state. In the following we work in the hypothesis that
the third LHCD state, the Z,(2965)°, is the same state as the
already observed E.(2970)°, and hereafter we denote this
state with 2.(2965)°. Moreover, the single-charm cascade
baryons of the antitriplet are denoted as =, and those of the
sextet are indicated by a prime, Z/,

The new experimental results triggered a large
number of theoretical studies mainly on the E. states
of the flavor antitriplet among others using quark-diquark
approaches [17-21], molecular states [22], the LQCD
approach [23], QCD sum rules [20,24-28], the effective
chiral Lagrangian approach [29,30], and the constituent
quark model [31-34].

Recently, we introduced an equal-spacing mass formula
for heavy baryons which was used to study the negative-
parity Q0 baryons and to predict the corresponding
negative parity Q, states [35], which subsequently were
confirmed by the new experimental data from the LHCb
Collaboration [36]. The masses and decay widths were
found to be in agreement within the experimental errors.
The aim of this article is to apply the same model to
analyze the properties of all ground state and P-wave E/Q
(sextet) and =, (antitriplet) baryons, including the mass
spectrum and the decay widths for strong and electro-
magnetic couplings.

II. HARMONIC OSCILLATOR QUARK MODEL

In the quark model, Z, baryons are described as usQ or
dsQ configurations, i.e., a combination of a nonstrange
quark that can be either u or d, a strange quark s, and a heavy
quark, Q = c or b. The total wave function that is a product
of an orbital, spin, flavor, and color part has to be
antisymmetric. Since physical particles form a color singlet,
the color part is antisymmetric, and therefore the orbital-spin-
flavor part has to be symmetric under the interchange of the
light quarks. The flavor part of the two light quarks can be
either symmetric (sextet 6) or antisymmetric (antitriplet 3);
see Fig. 1. Similarly, the spin part can be either symmetric,
xs with § = 3/2 or y; with § = 1/2, or antisymmetric, y,
with S = 1/2. The states with maximum spin projection
(Mg = S) are given by

Y Ag
=Q =Q

Qq
FIG. 1. Heavy baryon sextet (left) and antitriplet (right).
=3 2,= (LA =L ID/VE,
S=3im=CM =1Lt -LID/VG,
=21 =11, (1

The orbital part of the ground state is symmetric, y, with
L? = 03, and that of the first excited state either symmetric,
w, with L” = 17 corresponding to a 2-mode excitation, or
antisymmetric, y,, with Lf = 1, corresponding to a p-mode
excitation. Table I shows the wave functions for the =,
baryons, where we use the notation E’Q for the sextet and E,
for the antitriplet. The total angular momentum J satisfies
the usual angular momentum coupling rule |L — S| <
J <L+ S. All states are isospin doublets with isospin
I = 1/2. The classification scheme of the negative parity
P-wave single-charm and single-bottom cascade baryons in
a three-quark description shows that there are in total 14 such
states, seven belonging to the flavor sextet (five A-mode and
two p-mode) and another seven to the flavor antitriplet (two
A-mode and five p-mode).

Following Ref. [35] we consider a harmonic oscillator
quark model with a spin, spin-orbit, isospin, and flavor
dependent terms

TABLEL Classification of the highest charge state of sextet Zf,
baryons (top) and antitriplet =, baryons (bottom). The upper
index in the first column denotes the spin degeneracy, 25 + 1.

State Wave function (ny,n;) LP JP
=, Jslus +su)Qlyor;] 00 0 ¥
4E’Q ﬁ (us + su)Olwoxs] (0,0) (0 %*
ZA(E/Q)J \/Li (us + su)Qlwixil, ©O,1 I =3
WE), Slus+swQlisl, O 17 1y
P(E)  J5lus+su)Qlwyz,), (L0 17 8
2, Lw-sQwl 00 0 b
UEe), Hlws-sQlwzl, O 1T b
P(Eo);  lus—sw)Qlyrl, O 17
DEg), hlws—sQlwsl, (L0 1T 1y

074029-2



MASSES AND DECAY WIDTHS OF E./, AND ...

PHYS. REV. D 105, 074029 (2022)

The harmonic oscillator quark model for ggQ baryons with
two light quarks and one heavy quark is given by [37]

i i<j
P2 p2 1
=M - 4 _ 2.2
+ M + Zm/, + 2m,,a)pp
2
Py l 22 3
+ 2m, + 5 M4 (3)

where we have made a change of variables to relative
Jacobi coordinates

(71 = 72)/V2,

p
A= (F + 7, — 2%;)/V6, (4)
and the center-of-mass coordinate, and their canonically
conjugate momenta. The labels 1 and 2 refer to the light
quarks and 3 to the heavy quark.

For £, and E’Q baryons the reduced masses are given by
m, = (m,, +my)/2, ie., the average of the strange and
nonstrange quark masses, and m; = 3m,my/M with
M = 2m, + mg. There are two types of radial excitations:
the p-mode corresponds to an excitation in the relative
coordinate between the two light quarks, and the A-mode to
an excitation in the relative coordinate between the two light
quarks and the heavy quark. In quark-diquark models,
baryons are described as an effective two-body quark-
diquark system in which the excitation of the p-mode
between the two light quarks is not taken into account.
As a consequence, the number of excited states is much
smaller than in the three-quark picture. Specifically, Table I
shows that in a three-quark model there are seven excited
states for sextet 2, baryons, and another seven for antitriplet
E baryons, whereas in quark-diquark models the p-mode
excitations are absent, leading to five excited Zj, baryons and
two excited E, baryons. Therefore, the identification of p-
mode excitations in the spectrum of heavy-light baryons
provides a tool to discriminate between three-quark and
quark-diquark descriptions, since the p-mode excitations are
absent in quark-diquark models, but are allowed in three-
quark models of baryons [35].

Whereas in the light-baryon phenomenology, the p- and
A-excitations are degenerate in energy, in the heavy-light
sector they are decoupled with frequencies, w, = /3C/m,

and w; = \/3C/m,, where C is the spring constant. For
qqQ baryons with two light and one heavy quark the
frequencies satisfy w; < w,, whereas for QQg baryons
with two heavy and one light quarks the situation is reversed,
w, < w,. For equal masses, as is the case for gqq and QQQ
baryons, the two frequencies become the same, w, = w,.

Since all E’Q and E, baryons are isospin doublets with
I =1/2 and have the same quark content, the isospin
term and the mass term, M = m,;; + ms + mg, give the
same contribution to all states. As a consequence, mass
differences only depend on the harmonic oscillator frequen-
cies, hw, and hw,, the spin term A, the spin-orbit term B,
and the flavor-dependent term G,

M = M(*Ey) + hwyn, + hayn, + A {S(S +1) = ﬂ
1
+B§[J(J +1)=L(L+1)=S(S+1)]
1
+G§[/41(M1+3)+Mz(uz+3)+mﬂz—4]- (5)

The spin-dependent term splits the states with different
spin content, such as the ZE’Q and 4E’Q configurations in
Table I. The spin-orbit interaction, which is small in light
baryons [19,38], turns out to be fundamental to describe
the heavy-light baryon mass patterns [35]. The effect of
the spin-orbit term is to split the states with different J in
configurations such as 22(E’Q) ;. Finally, the mass split-
tings between different flavor multiplets are given by the
eigenvalues of the Casimir operator of the SU(3) flavor
algebra [39]. The flavor-dependent term splits the E’Q
baryons belonging to the flavor sextet, 6 labeled by
(1. 12) = (2,0), from the Z, baryons of the antitriplet,

3 characterized by (i, 1) = (0, 1).

II1. MASS SPECTRUM

In the present article we consider single-charm and
single-bottom E, baryons associated with the ground-
state configuration y;, with (n,,n;) = (0,0), and with
one quantum of excitation, either in the A mode, vy,
with (n,,, n;) = (0,1), or in the p mode, w,, with
(n,.n;) = (1,0). The allowed configurations are given
in Table I.

The mass formula of Eqgs. (2) and (5) is an extension of
the Gell-Mann-Okubo and Giirsey-Radicati mass formu-
las. It was introduced in Ref. [35] to study the recently
observed negative parity Q0 states by the Belle and LHCb
Collaborations [8,9]. It was shown that these Q0 states can
be interpreted as A-mode excitations. In addition, it was
used to predict the masses of the corresponding negative
parity Q; baryons which subsequently were measured by
the LHCb Collaboration [36]. Here we apply the same
mass formula to the E, and E’Q baryons, using the same
parameter values as determined in the previous study of
Q, baryons [35] without any additional fine-tuning or the
introduction of extra parameters.

In this way, the mass spectra of the =, and E’Q baryons
are calculated in a parameter-free procedure. The results for
ground state and A- and p-mode excitations are reported in
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FIG. 2. Mass spectra and tentative quantum number assignments for E, (top left), Zi. (bottom left), E, (top right), and Z; (bottom
right). The theoretical predictions (red dots) are compared with the experimental results from the LHCb Collaboration (blue lines) [1,40]

and the Particle Data Group compilation (black lines) [7].

Fig. 2 and in Tables II and III. The assignments are mostly
based on systematics of mass spectra. For the single-charm
baryons, there is no doubt about the identification of the
2=l 42! and ’Z, configurations. The masses of the recently
measured E.(2923)°, 2.(2939)°, and E.(2965)° resonan-
ces [1], together with the observed equal spacing rule

[1,10,11] with excited Q¥ baryons

M(.(3050)°) — M(Z,.(2923))

~ M(Q.(3065)° — M(E.(2939)°)

~ M(Q.(3090)°) — M(E.(2965)°)

~ 125 MeV, (6)

suggest the same assignment as for the €. baryons: 1-mode
excitations of flavor sextet configurations “A(E(), -,
*A(El)3/2-» and *A(E();,-, respectively. The Z,(3055)"
and E.(3080)" resonances are assigned as p-mode excita-
tions of the sextet configuration, %p(Z.),» with J© = 1/2~
and 3/2~ which would indicate a preference of a three-quark
over a quark-diquark description. Finally, the Z.(2790) and
E.(2815) resonances are assigned as A-mode excitations of
the flavor antitriplet.

—

For the single-bottom =, baryons the experimental
information is scarcer. The %2}, 2}, and °Z, configurations
can be assigned without problem. The newly observed
E,(6227)~ and E,(6227)° resonances [41,42] can be
assigned either as a A-mode excitation of the flavor sextet,

*A(E},)s/o- (as in Fig. 2 and Table III), or as a p-mode
excitation of the flavor antitriplet, %p(E, )5 or ‘p(E4)3 -
Very recently the LHCb Collaboration reported the
observation of two new E,, states in the A)K~z* channel
with a statistical significance larger than 9 standard devia-
tions [40]. Our model suggests to interpret these two states
as D-wave excitations of the &, system with L = [; =2
and total angular momentum J” = 3/2% for =,(6327)°
and JP =5/2% for E,(6333)" (see the top-right panel
of Fig. 2). The predicted masses are 6315 MeV
and 6328 MeV, respectively, in good agreement with
the values measured by the LHCb Collaboration [40]:
m(8,(6327)°) = 63272807 4 0.08 & 0.24 MeV and
m(8,(6333)") = 6332.69"\7 +0.03 £ 0.22 MeV.

IV. DECAY WIDTHS

For the evaluation of strong and electromagnetic decay
widths we first discuss the radial wave functions. The
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TABLEIL. Quantum number assignments, masses, and strong partial decay widths in MeV of sextet E.. (top) and antitriplet =, baryons
(bottom) for the states reported in Table 1. Partial widths denoted by --- and O are forbidden by phase space and selection rules,
respectively.
State My, Baryon My, > K ZEx %K %Erx AK ZBarx By Ty Cexp References
= 2570+ 2 B 25782 £0.5 [7]
=0 2578.7£0.5 e e e [7]
4=l 2635+2 E.(2645)" 2645.10 £0.30 1.23 1.23 2.14£0.19 [7]
Z.(2645)0 2646.16 £+ 0.25 e ceeeee 123 1.23 2.35+0.22 [7]
21(5’6)1/2, 2905 £2 0.18 0.19 0.03 1.35 1.75
41(5/6)1/2_ 2934 £3 =,(2923)° 2923.04 £0.35 0.20 0.18 043 4.01 483 7.1£2.0 [1]
2,1(5:.)3/2_ 2941 +£2 E.(2930)" 29423 +4.6 2.48 022 270 6.13 11.53 14.8+£09.1 [7]
Z2.(2939)% 2938.55+£030 --- 248 022 270 6.13 1153 102+14 [1]
4/1(52)3/2_ 2970 £2 E,(2965)° 2964.88+0.33 0.00 0.18 --- 134 079 156 --- 388 14.1+16 [1]
‘%(E’C)S/Z_ 3030 £2 0.66 2.04 0.04 346 8.69 1437 0.01 29.27
2 - 3060 £2 E.(3055)" 30559+04 0.02 255 088 728 0 0 0 1073 7.8+1.9 [7]
2p(E’C)3/2, 3096 £2 E.(3080)" 3077.2+04 723 924 191 7.02 O 0 0 2539 36=£1.1 [7]
Z.(3080)° 30799+14 723 924 191 7.02 O 0 0 2539 56+£22 [7]
=, 2461 + 1 =F 2467.71 £0.23 [7]
59 2470.44 + 0.28 [7]
ME)yp- 2797+1 E.(2790)* 2791.9+0.5 0.01 0.00 O 0 0 001 89+£1.0 [7]
2.(2790)° 2793.9+0.5 0.01 000 O 0 0 001 100£1.1 [7]
,1(:6)3/2, 2832+ 1 E.(2815)" 2816.51 £0.25 0.24 004 O 0 0 028 243+0.26 [7]
=2.(2815)% 2819.79£030 --- 0.24 004 O 0 0 028 254+0.25 [7]
ZP(Ec)uz— 2951 £ 1 0.50 0.62 052 042 252 4.57
4p(E(,)1/2_ 2980 £ 2 049 0.54 042 1.82 693 10.20
zp(Ec)m, 2987 + 1 036 449 ... 055 493 09.12 19.45
4p(EC)3/2, 3016 £2 0.07 031 0.63 3.03 132 225 7.60
4p(Ec)5/2— 3076 £2 205 3.16 1.28 6.05 12.78 19.54 0.06 44.91

harmonic oscillator wave functions depend on the two size
parameters, one for the p coordinate and one for the A4
coordinate. The relative wave function for the ground state
with (n,,n;) = (0,0) is given by

- 3/2 .
Wo(ﬁa 2«) = <@> e_(a;PZ*FG/leZ)/Z’ (7)
with
3m’ 1/4
a; = ap (m) . (8)

The oscillator parameters, a, and a,, used in the calculation
of the strong and electromagnetic decay widths, are related
to the frequencies as o = w,m, = \/3Cm, and o =
w;m; =+/3Cm; to give a,=438MeV and a; =
523 MeV for E, and = baryons, and @, =403 MeV
and a; = 511 MeV for E;, and E) baryons.

A. Strong couplings

Strong couplings provide an important test of baryon
wave functions, and can be used to distinguish between
different models of baryon structure. Here we consider
strong decays of baryons by the emission of a pseudoscalar
meson

B—B +M. (9)
Several forms have been suggested for the form of the
operator inducing the strong transition [43]. In this article
we consider the strong decays of Z, and E’Q baryons
by the emission of a pseudoscalar meson as calculated in
the elementary emission model (EEM), as well as in the
3P, model.

In the EEM the corresponding operator is given by
[44-46]

1

3
Hy= S X245, - K)e ¥
(277")3/2(2](0)1/2; J J

45, (B 4 e, (10)

074029-5
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TABLE III.  As in Table II, but for sextet &) (top) and antitriplet Z, baryons (bottom).
State Assignment My, My, XK Eyr T,K ‘Bjr AK Bym Byn D Cexp References
25;) E,(5935)" 5926 +£2 5935.02+0.05 e .- < 0.08 [7]
452, E,(5945)0 5946 £6 59523 +0.6 0.48 0.48 0.90+0.18 [7]
E,(5955)" 595533 £0.13 . s 048 048 1.654+0.33 [7]
2/1(527) 1/2- 6190 + 2 0.00 0.19 0.04 1.55 1.78
4/1(327)1/2_ 6203 =7 0.01 0.14 0.00 3.84 3.99
2/1(5/7)3/2- 6198 + 2 0.81 0.12 1.37 6.00 8.30
AE,)s - 6210 + 6 0.05 0.54 038 137 233
AEp)s  Ep(6227)° 622346 (2268713 0.42 0.96 3.06 9.36 13.80  18.6752 [41]
E,(6227)" 6227.9+0.9 042 --- 096 3.06 9.36 13.80 199+2.6 [42]
(), 6356 + 2 055 166 040 832 0 0 0 1093
2p(Eb)3/2_ 6364 +2 1.14 559 1.18 592 0 0 0 13.83
=, =9 5784 +2 5791.9+0.5 [7]
=, 5797.0 £ 0.6 cee [7]
()10 6048 + 2 0 0 0
2A(Ey)32- 6056 + 2 e 00 0 -
2p(Eb)l/z_ 6214 +2 0.04 0.26 0.01 1.63 1.94
D(Ep)1 ) 6226 + 6 0.04 0.17 0.12 3.87 421
Zp(Eb)yT 6222 +2 0.99 0.16 1.78 5.51 8.44
4p(Eb)3/2_ 6234 +6 0.06 0.71 0.46 1.24 2.47
4p(Eb)5/2_ 6247 + 6 0.47 1.14 3.46 8.38 13.45
where 7;, p;, and §; are the coordinate, momentum, and S .
e » L ’ TH=-3 dpy dpsé CysF
spin of the jth constituent, respectively; k, is the meson 7o / P4dpsd(Pa + Ps)CasFas
. k= k? i o o q(0) = -
energy; and k = kZ denotes the momentum carried by the x a5 x V1 (Ba — Ps)] (() ) bj; (Ba) d§( Bs). (12)

outgoing meson. The flavor operator Xj” corresponds to the
emission of an elementary meson by the jth constituent:
q; = q} + M. The coefficients g and h are fitted to two
strong decays of . baryons

(Q.(3050) - E, + K) = 0.8 £ 0.2 MeV,

I'(Q.(3066) > E. + K) = 3.5+ 0.4 MeV, (11)

to obtain g = 3.410 GeV~' and h = —0.521 GeV~! in
qualitative agreement with values used in the light baryon
sector [44,46].

A comparison between the experimental data and the
predicted mass spectra and strong partial decay widths
calculated within EEM are shown in Tables II and III. The
zeros in the tables are consequences of the spin-flavor
symmetry of the configurations “p(Z;,), and *4(E),. The
calculated values are of the order of 0-15 MeV in
qualitative agreement with the experimental data.

In the 3P, model the transition operator is given by
[43,47-51]

Here, y, is the pair-creation strength, and b}(p,) and
d;(ﬁs) are the creation operators for a quark and an
antiquark with momenta p, and ps, respectively. The ¢g
pair is characterized by a color-singlet wave function Cys,
a flavor-singlet wave function F,s, a spin-triplet wave
function y4s with spin S =1, and a solid spherical
harmonic Y, (p4 — ps), since the quark and antiquark
are in a relative P-wave. We fit y, = 6.52 to the isospin
channel Z.K.

In Tables IT and IIT we show the two-body decay widths
calculated in the elementary emission model. A comparison
of the mass spectrum and the strong decay widths with
experimental results suggests that the Z.(2923)°,
E.(2939)°, and E.(2965)° baryons are negative parity
P-wave states of 2 and/or E, states. In fact, we can
summarize the emerging possible identification of the three
new E. states observed by LHCb [1] and the &, (6227)
reported in [42] as negative parity P-wave E’Q A-excitation
states of the flavor sextet 6
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- (13)

and/or as negative parity P-wave E, p-excitation states of
the flavor anti-triplet 3

[1]

6)1/2_ - 50(2939)0’
iy~ E.(2965)°,
— B,(6227)". (14)

(
o (
n(

[1]

[1]

b)3/2‘

Each of those states satisfies the equal spacing rules with
the Q. or Q, states: the P-wave =, A-excitation states since
they belong to the same 6-plet, while the P-wave E,
p-excitation states that belong to a 3-plet due to accidental
degeneration in the spectrum. We cannot exclude a priori
that the states seen by LHCb correspond to all of them, also
because each of those states can decay into the A.K
channel. LHCb, BELLE, and BABAR can do new analysis
to test if the P-wave E’Q and E, are 14 states or not. The
future amplitude analysis and the subsequent measurement
of their J” quantum numbers will be crucial in order to
disentangle the correct identification of those states. The
fact that in our model E.(3055)" and Z.(3080)" reso-
nances are assigned as p-mode excitations of the sextet
configuration, %p(Z.) ,» with J* = 1/2~ and 3/2~ indicates
a preference of a three-quark over a quark-diquark descrip-
tion. However, this assignment is mainly based on the
predicted mass spectrum, and we cannot exclude that all the
five states, 2.(2923)°, 2.(2939)°, £,.(2965)°, £.(3055)*,
and E.(3080)" are instead A-mode excitations

+ (15)

In Tables IV and V we present the total strong decay
widths calculated in the EEM and the 3P, models for the
harmonic oscillator quark model. We show a comparison
between our results with the available experimental data
and also with the chiral quark model approach (yQM) [29].
As can be seen, most of our results about the strong decays
are consistently below the total experimental widths, since
the latter always have the complete information of the
scattering processes. On the other hand, as one can observe,
the values obtained in the yQM [29] are in general larger
than the experimental widths.

TABLEIV. Comparison of the strong decay widths of Z, and =,
baryons in MeV calculated in the elementary emission model
(EEM) and the 3P, model with the values obtained in the chiral
quark model (yQM) [29] and the available experimental data (Exp).

Our work
2QM Experimental
State EEM 3P, [29] data [1,7] Baryon
‘=, 1.23 0.02 2.14£0.19 E.(2645)"
1.23 0.02 235+£022 =.(2645)°
2EL)y - 175 079 2167
“UEL)) - 483 053 37.05 71+£20  E,(2923)°
2EL);- 1153 3.08 2089 148+9.1  E(2930)"
11.53 3.08 102+14  =.(2939)°
UEL)y,- 388 204 1233 141£16  E.(2965)°
UEL)s;- 2927 543 2020
(EL) - 1073 6.26 78+1.9  E.(3055)"
p(El)3- 2539 3.70 3.6+1.1  E.(3080)"
2539 3.70 56+22  E,(3080)°
2By 001 041 361 89+1.0  E.(2790)*
0.01 0.41 100£1.1  E.(2790)°
2E.)s- 028 054 211 243+£026 E(2815)"
0.28 0.54 2544025 =.(2815)°
(Ee) - 457 070
D(E), - 1020 045
(B.)s,- 1945 3.6
D(E)sp- 760 2.51
D(B.)s- 4491 455

The predicted widths for the recently observed =;,(6327)°
and E,(6333)° baryons are 0.19 MeV and 0.10 MeV,
respectively, in good agreement with the experimental width
measured by the LHCb Collaboration [40]: T'(Z,(6327)%) =
0.937375 MeV and T'(E,(6333)%) = 0.25705% MeV; see
Table V.

It is worth noting that there is not a single model which
is capable of providing a completely satisfactory descrip-
tion of baryon open-flavor strong decay widths [52],
but effective models can describe the trend of the data.
The uncertainty in the theoretical widths can be related to
the values of the oscillator widths, a; and @,, which are
determined from the effective masses and the frequencies.
We used a single set of values of a; and a,, but the
effective masses can have a large error; the correct
propagation of the error is outside of the scope of the
present article.

B. Electromagnetic couplings

In constituent models, electromagnetic couplings arise
from the coupling of the (pointlike) constituent parts to the
electromagnetic field [53-56]. We discuss here the case of
the emission of a left-handed photon
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B — B+, (16)

for which the nonrelativistic part of the transverse electro-
magnetic coupling is given by

on = 2[2/1, ,[ks,_ ik,

(pj_ —lkr] +e—lkr]p ):| (17)

2gj

TABLE V. As in Table IV, but for 5, and Z) baryons. L. R )
where Tis Djs and s ; are the coordinate, momentum, and
Our work spin of the jth constituent, respectively; kg is the photon
QM Experimental energy; and k = k2 denotes the momentum carried by the
State EEM 5P,  [29]  data [7,40-42] Baryon outgoing photon. The photon is emitted by the jth
= cee 0.08 <0.08 constituent: q; — ¢ +7.
=) 048 0.02 098 0.90 £0.18 =,(5945)° Table VI shows a comparison of the radiative decay
0.48 0.02 1.65+0.33  E,(5955)  widths of ground state =, and E, baryons with the results
AE) - 178 086 27.05 of light-cone QCD sum rules (LCQSR) [57-59], the bag
(E)), - 399 065 3224 model (BM) [60], vector meson dominance (VMD) [61],
2(E))5 - 830 292 2415 the chiral quark model (yQM) [29], the nonrelativistic
4/1(5;7)3/2_ 233 183 15.83 quark model (NRQM) [62], heavy-baljygn- chiral perturba-
AE,)s, 1380 336 2439 18.6732 B, (6227)° tion theory (HByPT) [63], the relativistic quark model
13.80 3.36 199426 E,(6227)" (RQM) [64], and the hypercentral qua'rk. model (hCQM)
2(E)),, 1093 588 [34]. Tables VII and VIII show the radiative dfecay widths
2(E))s,- 13.83 3.08 of excited P-wave Z/. and 36 baryons, and excited P-wave
N ’ 5 88 E), and B, baryons, respectively. Recently, the electromag-
AEp)1/2- : netic decay widths of the £.(2790) and E.(2815) baryons
AEp)ajp- o 295 were measured by the Belle Collaboration [65]. The decay
p(Ep); - 194055 widths of the neutral states were found to be large and of
P(Bp) - 421 036 the order of several hundreds of keV; for the charged states
p(Ep)s- 844 190 only an upper limit could be established. Inspection of
(Ep)sp- 247 190 Table VII shows that this behavior is in agreement only
p(Ep)sp- 1345 2.16 with an interpretation in terms of a A-mode excitation of the
D-wave flavor antitriplet 2A(E.),. A similar result was found in the
21(517)3/2+ 0.19 0.93+0.74 g, (6327)° )(QM' [29]. The results are summarized in Table IX. In
2(Ep)s e 0.10 0.25+058 =, (6333)0 a@dltlon, Table VII shows that there are several other decay
b)5)2 25 b
widths that are expected to be large, for example,
TABLE VI. Radiative decay widths of ground state S-wave sextet E, baryons in keV.
Our LCQSR BM VMD QM NRQM HB,PT RQM hCQM
Decay work [57-59] [60] [61] [29] [62] [63] [64] [34]
B S 2ES Ly 15.1 85+25 10.2 423 543 +£0.33 127+£1.5
%20 L2204, 03 027+006 0.0015 0.00 0.46 0.17 £ 0.002
/LS4y 59.8 52+£32 443 152.4 139 63.32 216 £1 54+£3 17.48
420 5250 4y 1.3 0.66 £0.41  0.908 1.318 0.00 0.30 1.84 0.68 £ 0.04 0.45
a4y 0.0 0.274 0.011 0.485  0.004 0.07 £0.03
420 250 4y 0.9 2.142 1.03 1.317 3.03 0.42+0.16
2E/bo - 252 +7 332 47.0%£21.0 14.7 84.6 13.0£0.8
-2 4y 07 33+13 0118 0.00 1.0
=Y -8 +y 49.5 135+ 85 247 270.8 104 18.79 172 £0.1
45;7‘ — 25; +y 1.0 1.50£0.95 0.278 2.246 0.00 0.09 1.4
45;? — ZE;? +y 0.0 0.131 0.004 0.281 5.19 (1.5+£05) x 1073
E S E +y 0.0 0.303 0.005 0.702 15.0 (8.2+£4)x 1073
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TABLE VII. Radiative decay widths of excited P-wave E.. and
Z, baryons in keV. The second line in the heading denotes the
electric charge of the initial and final baryons.

B4y Bty B 4y
+ 0 + 0 + 0

UEL), 04 1835 04 02 429 09

00 4720 1.6 10 464 00 [29]
U(EL)y, 170 4017 07 03 575 12

121 3020 16 1.0 461 00 [29]
W), 15 07 03 203 272 06

03 02 02 1250 145 00 [29]
WEL)s, 65 28 05 1224 994 21

21 12 1.6 1870 546 00 [29]
WE)sy 1329 120 2932 929 20

16 09 23 1920 320 00 [29]
7312 155

D(E), 163 266 47 77
%(EL)s, 209 343 64 105 7834 166
UE)y, 23 00 02 00 54 2393
14 00 04 00 46 2630 [29]
UE )y, 46 01 06 00 24 3446
2300 1.0 00 28 2920 [29]

Y(E)i, 1572 33 18 00 160 262
1280 00 02 00 14 56 [29]
%(E)s, 5851 124 28 01 206 337
1100 00 05 00 19 75 [29]
DE), 54 01 125 03 98 161
04 00 434 00 07 30 [29]
D(E)y, 212 04 1224 26 346 566
18 00 581 00 28 112 [29]
D(E)sp 217 05 4455 95 308 505

TABLE VIII.  As Table VII, but for Z} and E, baryons.
= 4y B 4y =, +y
0 - 0 - 0 -

U, 482 464 03 05 537 1l

763 190.0 09 35 722 00 [29]
101.2 116.0 0.3 05 579 12

"ME} )3
439 923 09 36 728 00 [29]
W), 05 08 65 53 303 06

0.3 1.5 695 1640 340 0.0 [29]
4/1(53))3/2, 1.4 25 356 354 902 19

0.7 20 475 1040 940 00 [29]
4/1(5;7)5/27 1.1 1.9 641 76.1 648 14

04 19 415 882 477 00 [29]
%)), 123202 52 86 6985 148

Zp(EZ)yz, 132 216 5.6 92 7057 15.0

UEp)yy 02 00 00 00 728 800

13 00 20 00 636 1350 [29]
UEp)sp 03 00 01 00 793 856

17 00 26 00 683 1470 [29]
9(E) 1, 1209 26 12 00 119 195

943 00 06 00 19 72 [29]
§(E)s, 2969 63 13 00 129 211

694 00 08 00 21 81 [29]
DE) 19 00 137 03 67 109

02 00 8.0 00 09 36 [29]
D(Ep)sp 59 01 915 19 199 325

08 00 780 00 29 114 [29]
D(Ep)sp 46 01 1939 41 141 231

TABLE IX. Radiative decay widths of E.(2790) and E.(2815) baryons in keV.

Decay Our work  yQM [29] MB [66] LCQSR [67] Experimental data [65]
E.(2790)* > = 47 5.4 4.6 2496 +41.9 265+ 106 <350
58(2790)0 -804y 239.3 263.0 119.3 £21.7 2.7+£0.8 800 % 320
E.(2815)F - = +¢ 2.4 2.8 < 80
=,.(2815)0 - 220 4y 344.6 292.0 320 £457)
W(EL), > 4.
H(ED), - = 4y V. SUMMARY AND CONCLUSIONS
_ _ This work was motivated by recent LHCb measurements
(EF), > B +y . .
c ¢ ’ of 2% baryons and the observation of the equal spacing rules
(B, = 2 +y, with Q, resonances. We presented a quark model calcu-
- lation of ground state and excited heavy =, baryons with
P(ES, - B+, (18) & Y 2o Y

as well as the corresponding decay widths in Table VIII for
the beauty ) and E, baryons.

Q = c and b involving both sextet (E’Q) and antitriplet ()
states. According to the quark model analysis there are 14
negative parity P-wave states divided evenly between the
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sextet (five A-mode and two p-mode) and the antitriplet
(two A-mode and five p-mode).

The mass spectrum was obtained in a harmonic oscillator
quark model with spin, spin-orbit, isospin, and flavor
dependent terms. The parameters were taken from a previous
study of €, and Q, baryons. The assignments of quantum
numbers were based on systematics of the mass spectrum as
well as on the strong and electromagnetic decay widths. Just
as in the case of the masses, the parameters in the elementary
emission model and the 3P, model for strong decays were
taken from a study of €, baryons. No attempt was made to
fine-tune the parameter values to the spectroscopic properties
of the E. and Z.. baryons.

Overall, there is a reasonable agreement with the
available experiment. In particular, it was found that
the electromagnetic decay widths of the neutral and
charged E.(2790) and E.(2815) baryons are compatible
only with an assignment as a A-mode excitation of the
2A(E.); configuration of the flavor antitriplet. At the
moment, not for all states can such an unambiguous
assignment be made. We have identified several large
electromagnetic decay widths of the order of several
hundreds of keV which may help future experimental
studies of charm and bottom baryons. The future meas-
urement of the J” quantum numbers is crucial to

determine the correct assignment of those states.
Moreover, the identification of the negative parity P-wave
states of the p-mode excitation is important to distinguish
between an interpretation in terms of a three-quark or a
quark-diquark structure, since in a quark-diquark model
the p-mode excitations are frozen [35]. In the bottom
sector our model is able to reproduce the masses and
widths of the two new Z,, states by LHCb [40], which have
been identified as positive parity D-wave excitations of
the Z, system with the following quantum number
assignment: J§b<6327)0 =3/2% and ng(6333)0 =5/2%. In
the charm sector by providing results for the spectrum of
both E. and E. baryons and combining them with
predictions for their AF K~ decays and their total decay
widths, we can suggest assignments that can be tested by
further experimental amplitude analysis.
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